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Part  II  of  Final  Resort. 


SUIKARY;  ORGANIZATION  OF  REPORT 

The  present  report,  constitutes  Part  II  of  a compre- 
hensive final  report  on  the  infrared-sensitive  Ag-O-Cs 
photocathode.  The  initial  step  in  the  ^reparation  of 
such  a photocathode  involves  oxidation  of  the  silver  base 
in  a glow  discharge.  The  technique  of  oxidation  and  the 
products  formed  have  been  discussed  in  Part  I.  The  nresent 
report  deals,  therefore,  with  the  suhseouent  processing 
steps  and  with  investigation  of  the  finished  photocathode. 

A brief  .jescrintion  of  the  manner  in  which  the 
experiments  developed  has  already  been  given  in  the  intro  •- 
duction  to  Pni't  I and  need  not  be  repeated  here.  In  view, 
however,  of  the  length  of  the  present  Part  (II;  it  seems 
advisable  for  the  sake,  of  clarity  to  state  the  objectives 
of  the  research  and  to  indicate  the  manner  of  organization 
of  this  report.  Some  of  the  most  important  results  are 
also  mentioned  in  the  remainder  of  the  introduction. 

In  the  literature  on  infrared-sensitive  photocathodes 
„ . there  is  a notable  variability  of  snectral  responses  of 

phototubes  prepared  by  different  investigators.  We  also 
have  had  difficulty  in  reproducibility  preparing  photo- 
cathodes.  Because  of  this  experience  a systematic  study 
of  the  process  of  preparation  has  been  undertaken.  Emohasis 
has  been  placed  on  the  investigation  of  chemical  changes 
which  occur  during  the  various  stages  of  prenaration.  In 
order  to  make  progress  it  has  been  necessary  to  concentrate 
on  the  chemical  aspect  of  the  problem  to  the  exclusion  of 
such  questions  as  particle  size  and  size  distribution, 

Gome  qualitative  information  on  particle  sizes  has  been 
obtained,  not  sufficient,  however,  to  provide  a detailed 
picture. 


Several  types  of  information  on  chemical  composition 
have  been  obtained.  The  amount  of  oxygen  deposited  during 
silver  oxidation  was  measured  by  means  of  measuring  the 
change  in  oxygen  pressure.  The  total  cesium  entering  the 
phototube  envelope  was  measured  with  some  accuracy  by 
employing  capillaries  of  known  dimensions  to  limit  the 
flow  of  cesium  vapor.  The  amount  of  cesium  on  the  cathode 
waa  measured  using  a radioactive  cesium  tracer.  The  solid 
phases  in  the  photocathode  were  studied  by  means  of  x-ray 
powder  diffraction  photographs  of  powder  samoles  scraoed, 


1 


. :v  ,1:  ft#  y • . . . ar*r:  v ‘ ' V 

In  v&cup,  front  the  photocathode,  Finally,  the  amount  of 
cesitaa  deposited  on  glasa  was  determined  by  measuring  the 
radioactivity  of  a glass  disc,  of  exactly  the  name  size 
a3  the  cathode , wftith  was  placed  at  the  back  of  the  cathode 
during  fabrication.  The  combination  of  nil  these  measure- 
ments provides  a fairly  complete  picture  of  the  distribution 
of  cesium  in  a photo  tubs i "y  ''  Sf  ; \ 


Three  main  series  of  experimental  studies  w=>re  carried 
out.  In  one  of  these Ithe  thermionic  and  photoelectric 
emissions  were  followed  continuously  as  cesium  was  added 
through  a fins  capillary  to  a photocathode  oxidized  to  an 
accurately  known  extent.  No  radioactive  cesium  tracer  was 
employed  in  these  experiments  and  no  x-ray  study  was  performed 
on  the  Dhotoeathode.  In  order  to  minimize  the  reaction  of 
cesium  with  glass  a comparatively  large  ratio  of  cathode  area 
to  tube  area  was  used.  In  some  exoerimonts  of  this  series, 
cesium  was  permitted  to  flow  without  interruption,  the 
thermionic  and  photoelectric  emissions  being  measured  either 
continuously  or  at  intervals.  In  other  experiments  the  cesium 
flow  was  halted  at  certain  stages  and  the  thermionic  and  photo- 
electric amissions  were  followed  with  the  tube  maintained  at 
temperature . Three  tempo -atures  were  studied,  190°C , 150°C, 
and  room  temperature.  From  those  experiments  it  was  found 
that  the  reaction  by  which  cesium  affects  thermionic  and 
photoelectric  emission  is  slow  even  at  190°C  and  has  a negli- 
gibly small  rate  at  room  temperature.  Utilizing  the  work  of 
others  in  conjunction  with  our  own,  it  is  inferred  that  the 
slow  step  is  not  that  which  removes  ce6ium  from  the  vapor 
phase  but  is  a subsequent  solid  phase  transformation.  Once 
a stable  infrared-sensitive  photocathode  is  formed  the  photo- 
electric yield  goes  up  as  the  temperature  decreases.  Very 
slight  excesses  of  cesium  greatly  reduce  photoelectric  yield 
in  the  infrared.  Numerous  other  facts  of  considerable  practi- 
cal interest  have  also  been  established  at;  indicated  in  subse- 
quent sections  of  the  report... 


In  the  second  of  the  three  eerier,  of  experiments, 
mentioned  in  the  preceding  paragraph , the  cathode  composition 
wa3  determined  using  a rt  die  active  c*v  v>m  tracer.  The  accu- 
rate determination  of  cathode  activity  by  me an 3 of  0 Geiger 
counter,  required  the  use  of  a small  cathode  of  accurately 
reproducible  area.  Hence  the  ratio  of  cathode  area  to  cube 
area  was  considerably  smaller  than  In  the  experiments  of  the 
first  series  and  a larger  proportion  of  cerium  reacted  with 
the  tube  envelope.  Cesium  flow  was  also  limited  by  .1  capil- 
lary in  most,  of  the  experiments  and  both  thermionic  and 
photoelectric  emission  wore  followed  during  the  intermediate 
stages.  Cathode  composition  could  not  be  continuously 
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followed,  however,  but  was  determined  only  at  the  end. 
Photocathcdes  which  were  continued  onlv  to  maximum 
photoelectric  emission  were  found  to  contain  variable  a- 
mounts  of  cesium  relative  to  oxygen,  th®  rati  j of  the 
number  cf  cesium  atoms  to  oxygen  atoms  (Cs^O)  being 
considerably  loss  than  2.  It.  wa6  also  found  at  190°C  that 
when  tCs/05  exceeds  2 on  the  cathode  a volatile  oxide 
of  cesium  is  formed  which  reacts  either  with  the  glass  wall 
of  the  tube  or  with  some  other  tube  element.  The  intro- 
duction of  even  large  excesses  cf  cesium  into  the  tube 
did  not  increase  the  cathode  ratio  (Cs/O)  above  2 and  in 
fact  caused  this  ratio  to  fall  well  below  2,  This  .fact 
has  practical  importance  because  in  some  preparative  methods 
rather  large  excesses  of  cesium  are  initially  added  and 
subsequently  removed  either  by  pumning  or  bv  means  of  a 
"Cesium  Getter".  This  results  in  the  removal  of  both 
cesium  and  oxygen  from  the  photo cathode.  Because  the 
cathode  reactions  are  alow,  too  rapid  addition  of  cesium 
can  result  in  the  pile-tip  of  cesium  at  the  interface,  thus 
Droducire  a l^cal  excess  and  resulting  in  the  formation  of 
a volatile  compound.  Other  results  are  discussed  in  subse- 
quent sections. 


The  third  series  cf  experiments  involved  an  x-ray 
study  of  the  photocathode.  A different  tube  design  was 
again  used  to  facilitate  collecting  the  x-ray  powder  sample 
in  vacuo.  Cesium  was  again  introduced  through  a caoillarv 
end  both  thermionic  and  Photoelectric  emission  were  followed, 
• 'hotocat  hodes  carried  to  maximum  photoelectric  emission  were 
found  to  contain  CspO  and  Ag.  Although  no  other-  solids  were 
detected  by  x-ray  analysis  in  those  tubes  (maximum  photo- 
electric emission) , it  is  known  from  the  tracer  studies  that 
an  t!vr  oxide  i3  present,  cither  unreduced  silver  oxide  or 
a higher  oxide  of  cesium  (Gs^Q^?)  or  both.  The  proportion 
was  too  low  to  detect  by  x-ray  diffraction,  however.  X-ray 
diffraction  studies  were  also  carried  out  on  tubes  deficient 
in  cesium  and  on  others  containing  a considerable  excess  of 
cerium.  In  the  cesium-deficient  tubes,  unreduced  silver 
oxide  an d CspQ-  were  found  so  well  as  Up-O,  The  tubes 
coat  lining  excess  cesium  were  of  particular  interest  for 
the  following  reason.  In  the  first  series  of  experiments 
it  /as  found  tny  t when  cesium  was  added  without  interruption 
the  Tihctcelectn c emission  passed  through  a maximum  at 
(Gs/0}‘S1«7  and  then  decreased  until  at  (Ce/0)s:2  and  be  vend 
the  infrared  sensitivity  was  verv  small, 
addition  C 

and  the  tube  was  baked  for  a considerable  period  the  infra- 
red sensitivity  could  be  largely  recovered.  This  mi»ht  be 
due  ~ it  her  to  the  fact  that  Cs^O  is  an  infrared  emitter  or 


If,  h ov.'ft ver.  t h e 
cerium  vros  discontinued  well  beyond  (Cs/O ;^2 
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t'l  th*3  ‘‘act  ‘Vt  slow  reaction  w ith  the  triads  envelope 
removed  n non rh  cerium  (as  s volatile  oxiHe)  to  restore 
th.t  cathode  composition  "to  0*20 » It  war-  important,, 
therefore,  to  prepare  n tub*'  for  x-ray  analysis  which 
cou!  d V-‘  baheti  for  a "easoporle  period  of  time  and  which 
c-nnt  cin^d,  after  baking,  .the  compound  Cs-,0.  • By  careful 
clcanir.r  of  th«\.  tube  envelope  before  fabrication  thin  was 
finally  accomplished.  The  presence  of  both  Ca20  end  CsaO 
was  erta''lir.hcd  frora  the  x-ray  diffraction  photographs 
for  a ♦ ube  th  (Ca/0)~a  .f..  This  tube  had,  however,  no 
infrared  none itivity  at  the  time  the  x-ray  sample  vms  taken, 
although;  it  passed  through  an  intermediate  stare  of  hirh 
(l.«.  "r.ornn.l”)  in  rrered  s-noltivity  before  an  excess  of 
cesium  had  been  add-  d.  air.ee  the  m?vner  of  preparation 
was  r-uch  that  Csnfs  constituted  the  outer  layer  (i.e.  the 
layer  at  the  cathode-vacuum  interface)  , thin  conclusive!) v 
establishes  that  Gg^O  is  not  an  infrared  emitter*  All 
evidence  ‘Yom  x-rav  diffraction,  radioactive  cesium  tracer 
•-tuning,  and  cross  connosition  studies  points  to  crystalline 
GspC  (probably  containing  traces  of  imnuritv,  i.e.  sit  ipv 
imnur--  by  centers  or  F-centers)  as  the  infrared  emitter. 

The  so  and  other  results  arc  discussed  in  subsequent  sections. 

In  addition  to  the  throe  series  of  svste  iatic  experiments, 
briefly  mentioned  above,  other  experiments  of  an  exploratory 
and  somewhat  fragmentary  nature  have  been  carried  out  partly 
to  develop  the  teohnicue  or  photocathode  preparation  and 
partly  to  answer  ouestions  of  a practical  nature  which  arose 
durir."  the  course  of  the  research.  These  experiments  usually 
involved  the  preparation  of  phototubes  by  means  of  a process 
of  a standard  sort,  with  ore  or  no  e variations.  Many  or 
these  were  carried  ou‘  prior  to  the  three  systematic  experi- 
mental series  and  were  frequently  not.  well  understood  at  the 
tine  the  oxp-a-r iments  wore  performed.  The  results  have  been 
included  in  nrorrmua  reports,  sometimes  without  interpretation 
up J on  occasion  with  interpretation  which  in  hind  sight 
seems  erroneous.  In  order  to  set.  the  record  straight  the 
results  of  a number  of  these  experiments  are  also  discussed 
in  con-idarcble  detail  in  the  limit,  of  our  present  knowledge • 

Ip  t.h  • nniority  o n .-r.se r,  the  results  are  readily  understand- 
sb] *»  nd  tr;.->  mador  inconr  ‘ ancles  a ■*-<';  removed.  In  other 
casus,  , unan,<T’.’“'*e<i  questions  rer-’in  which  recnire 

further  invar t i -at ion . 


Th  n'  cva  exp.larat.ion  indies*  as, 
the  experl.Tiontr  have  bean  conducted, 
the  rc"0'*t  a 'V'  beat,  be  Indicated  «.v 
content’s  .-ach  r.cc^i"’  . 


the  wanner  j.r,  wiich 

'ihe  or  tan  i r-- 1,  ion  of 
irr'.i-.siny  ff';  f lv  t.ko 


Seedier.  1 of  the  r'-icrt  ir.  devoted  primarily  to  a 
review  of  the  previ ous  work  of  other  investigators  on  the 
photc-cnthode . This  revi?1  ■ is  not  comprehensive , Only 
those  few  naoers  which  we  V.r.ve  found  particularly  helpful 
ere  discussed.  Section  1.1  contains  a review  of  the 
eh*  eint  ry  of  the  cesium  oxides.  Th i r section  was  written 
l'v  Dr.  Kh  1-Hue v Tsai  and  contains  a review  not  only  of 
previous  work  but.  also  of  some  results  obtained  bv  bin 
during  the  course  of  an  x-rav  study  of  CsoO  and  C.63O 
(see  Parts  111  and  IV  (of  this  final  report  series)  for 
an  account,  of  the  structural  study).  X-ray  powder 
diffraction  spectra  .are  given,  where  kno'.na , for  the 
oxi*',or.  of  cesium,  ~nd  a runns v*y  of  their  physical  and 
chemical  properties  is  also  included.  The  x-rav  oov/dcr 
diff "action  spectra  arc  essential  for  the  identification 
of  solid  phases  in  the  nhot.ccathode  and  are  subsequently 
used  for  this  purpose  (see  .'lection  1) . General  properties 
of  the  oxides  are  discussed  an  ’well  as  certain  specific 
properties  which  are  of  particular  interest,  ir  photoc-'-thode 
preparation*  faction  1*2  is  largely  historical,  the 
purpose  being  to  provide  references  to  the  original  works 
in  which  important-  contributions  are  made  to  the  art  of 
photoenthode  fabrication,  ^action  1.3  contains  a review 
of  previous  work  on  the  deter:  linat.ion  of  photo  cathode 
composition.  This  is  followed  by  a brief  summary  which 
outlines  the  status  of  the  problem  at  the  beginning  of  the 
D’-es'-'nt  vrork.  Sections  l.L,  1.5  and  1.6  contain  a review 
r>r  some  previous  work  which  must  he  taken  into  account  in 
ony  nronosed  mec  '.ani3m  for  the  photoelectric  effect  in  these 
cathodes.  Some  work  is  also  reviewed  in  Section  1.1  which 
indicates  the  role  of  silver  in  influencing  Photosensitivity. 
In  some  instances  we  have  studied  further  the  phenomena 
reviewed  in  there  sections  but  in  others  we  have  not y 30  the 
material  is  in  considerable  measure  supplementary  to  the 
present  research  and  is  included  for  th°  sa:'e  of  providing 
a * omnia  t='  picture  rather  than  as  background  to  cvr  own 
work.  Several  of  the  researches  described  are  so  thorough 
that  there  seemed  to  be  no  point  to  extending  or  repeating 
then. 

For  convenience  of  reference  all  of  the  experimental 
techniques  used  in  the  Present  research  are  described  In 
''•action  2.  This  avoids  the  necessity  for  repetition  in 
the  description  of  experiments  in  subsequent  sections. 

(There  is  some  unavoidable  overlapping  between  this  Section 
and  the  experimental  section  of  Part  I.)  In  Section  2 the 
epuipm^rt  used  is  described  in  rone  detail.  Moreover, 
complete  retails  of  the  tube  designs  and  all  steps  us»rl 
in  thp  fabrication  of  each  type  of  experimental  phototube 
are  given.  Experimental  details  of  the  x-ray  methods 


us*d  \v,  l'5,*-:: 

<-  ■ V '•  T . '>»:■’  * '■  ; 

Th  P 1 .1  ' 

.if!  '!  L •: c 

are  *■  * p"’ 


sifvi?.-'  i ph  a-v-a  j n the  ohotocnt houe  're 

■>  t ec anion's  '1*  r.nnn  e preparation  are  aiscussed 
r. ill  crier.  for  lira!  tin^  cerium  flow  rate 
‘i  Red.  In  wncral  t,h-'  ay  v»rxment.al  technioues 
in  conaiderahi  - -let. nil. 


In  Section  3 the  development,  of  thermion!'  and  photo- 
e'octric  emission  during  cesium  an  iition  is  disc sad. 
delected  o.xrmles  of  experimental  data  are  jrivon  to  illus- 
trate *h"  behavior  of  both  thermionic  and  photoelectric 
^mis-ion  at  various  che  rr cal  compositions*  Tin*  effect  of 
adding  exoes * cesium  at  ro^m  te.P'rature  is  pointed  out 
and  the  cannons  accompanying  heat  treatment  at  various 
te-ina^tures  are  described.  Phototubes  prepared  in  such 
a wav  as  to  contain  Cs20  are  described.  Th*»  influence  of 
t.h ' silver  ha rn  on  photoelectric  and  thornier  emission  is 
pointed  out,  with  support  in/?.  experimental  evi-..,;  .e.  Much 
or  t.  tin  Section  is  dovoted  to  reporting  fact’  information 
which,  has  bv-m  established  to  be  of  menoral  validity.  The 
remits  .r  interpreted  in  chemical  terms  where  possible. 
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In  Section  U the  re  nits  of  cathode  composition  studies 
by  x-ray  analysis  and  by  radioactive  cesium  err  cor  analysis 
are  ! is cursed. 


In  Section  5 the  probable  mechanism  of  photoelectric 
emission  in  discussed  insofar  ar  possible  in  the  present 
st  it c of  development. 
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1.  REVIEW  OF  PREVIOUS  WORK 


1.1  Chemistry  uf  the  Cesium-Oxygen  System 

1.2  Preparation  of  Ag-O-Cs  Photocathodea 

1.3  Composition  of  Photccathode 

1 .4  Role  of  Silver  in  Photocathode 

1.41  Phctosurface  Classification 

1.42  Effect  of  Silver  Addition 

1.43  Effect  of  Silver  Base  on  Cathode 

1.5  Role  of  Cesium  Oxide  in  Photocathode 
l.o  Optical  Properties  of  Photocathodss 

1.7  Structural  Studies  of  Photocathodes 

1.8  Miscellaneous  Experiments 

1.9  Discussion 


* 
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1,  R 'i y x v i v . : ' i’  .’/OH*. 

As  stated  earlier,  the  following  review  is  not 
comprehensive.  Those  papers  which  provide  necessary 
background  for  the  present  wori:  arc  included  and  a.  fa** 
others  which  are  of  particular  importance  in  indicating 
the  mechanism  of  photoelectric  emission  are  also  included, 
tfe  are  indebted  to  Dr.  Khi-duny  Tsai  for  writing  Section 
1.1. 

Some  attempt  has  been  made  to  evaluate  the  work  in 
terms  of  our  own  experience  with  the  photocathode.  This 
is  admittedly  incomplete  sire©  the  process  of  photoelectric 
emission  is  still  not  comyj.<rtely  understood.  A serious 
obstacle  tp  a coordinated  review  is  the  vagueness  -*hown 
by  many  authors  in  describing  the  preparation  of  photo- 
cathodes.  Thera  in  no  assurance  that  the  okr- eccathodes 
studied  by  different  workers  are  comparable.  This  makes 
it  difficult,  or  impossible,  to  arrive  at  general  conclusions . 
In  several  instances  excesses  of  cesium  beyond  Ce^O  are  re- 
ported although  usually  without  accurately  stating  the 
analytical  method  used  in  determining  the  excess.  Our  own 
experiments  strongly  indicate  that  an  excess  o**  cesium  iu 
the  cathode  rasxilts  in  a marked  reduction  in  infrared 
sensitivity.  Despite  these  difficulties  a nuirhji-  of  cathodes 
have  be^n  thoroughly  studied  and  the  result;.  aT  j of  consider- 
able interest. 


1.1  The  Chemistry  of  the 
Cesium-Oxygen  System 
(Khi-Huay  Tsai) 

The  binary  system  of  cesium  and  oxygen  ranks  perhaps 
on'y  next  in  complexity  to  the  alkali -sulphur  systems. 
Altogether  nine  compounds  have  been  reported  namely,  four 
suboxides,  Cs~0,  Cg^O,  ; ^s^O;  one  normal  oxide.  C30O; 

three  higher  dxldes,  CspOpj  CgOo;  and  ona  "ozonate ’ , 

CS03,  (Sen  Tables  i and  ti.)  ' 

C-anium  Suboxides  CgyQ.  Csj,0.  CsaO 

The  existence  of  the  four  suboxides  of  cesium  was 
first  discovered  by  Rengadei-U  through  study  of  the  temperature- 
composition  diagrams  (fig,  I).  A part  of  the  phase  diagram, 
ranging  from  pure  cesium  to  has  recently  been 
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TABLS  I.  PHYSICAL  PROPERTIES  OF  CESIUM  SOBOXIDSS 
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ABLE  II.  PHYSICAL  Alii)  CHEMICAL  PROPERTIES 
OF  CESIUM  OXIDE  AND  SUFMOXIDES 
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substantiated  by  3rauer^  by  menne  of  x-rav  diffraction 
powder  i i arrans  and  measurement  of  the  resistivity- 
temperature  coefficients  of  the  guboxido  system  at 
various  compositions. 


The  usual  wav  of  preparing  cesium  suboxides  is  by 
direct  combination  of  pure  cesium  with  the  calculated 
amount  of  pure  oxygen  admitted  in  small  portions.  This 
works  smoothly  with  the  lower-melting  suboxides.  In  the 
case  of  the  higher-molting  suboxides,  CS7O2  and  Ce^O, 
however,  it  becomes  necessary,  according  to  our  experiments, 
to  conduct  the  oxidation  in  the  presence  of  a small  amount 
of  inert  gaa  (argon);  this  prevents  excessive  volatilisation 
of  the  alkali  metal  at  the  higher  reaction  temperature 
noceasarv  for  maintaining  the  reaction  products  in  the  molten 
state.  Crystalline  C33O  can  also  be  prepared  by  distilling 
a lower  ruboxide  (Cg^O?)  in  a pyrex  capillary  at  120  - 130^0, 
although  some  C82O  (yellowish  film  on  toD  of  the  dark-greenish 
Cg30  crystals)  is  also  formed  in  this  process,  indicating  that 
CS3O  has  appreciable  dissociation  pressure  at  120  - 13Q°C, 


The  Physical  properties  of  the  cesium  auboxides  are 
summarized  in  Table  I.  It  is  interesting  to  note  that  all 
the  suboxldes  of  cesium  exhibit  metallic  properties.  Many 
attempts  to  get  a good  nowder  pattern  of  the  suboxide, 
Cs?02i  have  failed  because  of  the  difficulty  to  identify 
and  eliminate  any  foreign  phases.  The  nowder  lines  shown 
in  Table  I are  those  which  consistently  appeared  in  samples 
of  the  suboxide.  There  were  weak  lines  at  d/n-  6. A,  5.3, 
5.3,  5.0,  m.7,  1.3,  A.l  from  one  sample  but  not  from  the 
other.  These  might  be  suoerlattice  lines  or  lines  dua  to 
higher  oxides.  According  to  x-rav  single-crvstal  and- 
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po v*;le r data  obtained  in  this  laboratory,  CS3O  has  a 
vC^/mcm)  structure,  with  two  molecules  per  unit-cell^  "in 
which  the  Cs-0  has  an  ionic  bond  distance  (2.S9A  as  compared 
with  Cst-0e  2.86A  in  Gs?0  crystal)  and  the  Cs-Cg  has  a 
metallic  bond  distance  (5.30A  as  compared  with  Cg-Cs*5.36A 
in  metallic  cesium) . Probably  all  the  suboitldes  of  cesium 
possess  partial  metallic  structures  as  indicated  by  their 
metallic  properties.  It  is  to  be  noted  that  silver 
subfluoride,  Ag2F  (anti-Cdlj  structure),  has  also  been 
found*'*  to  possess  metallic  properties  and  partial  metallic 
8trv\cture  in  which  the  Ag-F  distance  is  about  the  same  as 
that  in  silver  fluoride,  AgF,  crystals  and  the  Ag-Ag  distance 
the  sane  as  that  in  metal  lie  silver.  Thus  the  metal  suboxides 
and  subhalides  probably  belong  to  t-h°  same  class  as  far  as 
structure!  chemistry  is  concerned. 
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It  has  not  been  established  whether  Cs-jO  has  a true 
melting-point  or  peritectic  temperature  arodnd  l65CTCt 
nor  whether  it  forms  a limited  range  of  solid  solution  with 
Cs20«  However,  according  to  the  x-ray  powder  diagrams  of 
partially  oxidized  0330,  of  dark-colored  CsgO  known  to 
contain  a Blight  excess  of  cesium,  and  of  a binary  system 
corresponding  to  the  composition  Csp  <0,  no  other  suboxides 
appear  to  exist  in  the  composition  range  between  Ca^O  and 
Cs2C.  0 

By  heating  above  their  melting-point  or  peritectie 
temperatures,  all  the  suboxides  of  cesium  appear  to  be 
converted  into  solutions  of  cesixun  monoxide  in  liquid 
cesium,  the  color  of  the  melt  varying  from  yellow  to  orange 
to  dark  red  as  the  oxygen  content  or  the  Cb20  concentration 
increases.  By  maintaining  the  temoerature  above  l£Q°C,  all 
the  excess  cesium  can  be  distilled  off  and  agglomerates  of 
laminated  red  crystals  of  CsjO  are  left  behind. 

The  ouboxidea  of  cesium  are  decomposed  by  water  to 
form  cesium  hydroxide  with  evolution  of  hydrogen;  thus 
chemically  they  react  like  a.  mixture  of  C'b^O  and  metallic 
cesium. 


Cesium  Monoxide,  CS2O. 


Orange  crystals  of  CsjO  can  be  conveniently  prepared 
bv  distilling  off  the  excess  cesium  from  a lower  suboxide 
(C07OO)  in  a pyrex  tube  at  1B0  - 200°C„  The  distillation 
usually  takes  about  two  days,  the  last  traces  of  excess 
cesium  coming  off  very  slowly. 

Attempts  to  prepare  CS2O  by  direct  combination  of 
equivalent  amounts  of  pure  cesium  and  oxygen  have  failed 
owing  to  the  high  melting-point  of  the  desired  product 
and  the  tendency  to  form  a surface  coating  of  high -melting 
higher  oxines  of  cesium. 

Oxidation  of  a dilute  cesium  amalgam  with  gaseous 
oxygon  leads  to  the  formation  of  dark-colored,  complicated 

reaction  products  containing  divalent  mercu’-y. 

According  to  Bcraiak^,  a yellow  film  having  the 
composition  of  Cs20,  with  prono’uiced  photoelectric  sensi- 
tivity, can  be  obtained  by  treating  a transparent  to 
whitish  CsOg  film  with  cesium  vapor  at  150  - 180°C. 


Continued  exposure  of  this  yellow  ’Cs^O*  film  to  a little 
more  cesium  vapor  at  200°C  transforms 'it  into  a red  ’Cs^O1 
film  with  much  lower  photoelectric  sensitivity. 

rtt  roonj  temperature , cesium  monoxide  exists  as  orange, 
laminated  pZ.at.es  with  more  bp  less  perfect  basdl  cleavage, 
soft  and  fhiahle  easily,  pulverised  by  shaking  with  glass 
beads*  It  has  an  ariti-£dC£?  laver ' strubtdrbT,- In  .which  the 
charge  distributions  of  the 'cesium  ions  appear  to  be 
highly  polarized. 

At  the  temperature  of  dry  ice  acetone,  the  color  of 
the  rnon  >xide  becomes  Dale  yellow,  there  beinr  no  change  in 
the  structure  as  shown  by  the  low-temperature  x-ray  powder 
diagram  obtained  in  this  laboratory.  When  heated  above 
180  - 2Q02C>  the  monoxide  becomes  dark  rod.  According  to 
Rengaae 1 i it  turns  black  at  250°C,  and  is  slightly 
volatile  at  this  temperature.  The  monoxide  also  becomes 
darkened  on  exposure  to  cesium  vapor  at  room  temoerature. 

-rauer"  re sorted  that  the  outermost  layer  of  the 
monoxide  readily  changed  to  dark  brovm  and  dirty  tan  during 
storage  in  a closed  tube,  and  that  color  changes  could  also 
be  brought  about  by  irradiation  with  sunlight  or  x-rays, 
or  even  by  mechanical  agitation.  However,  this  was  not 
substantiated  by  our  experiments. 

According  to  Hengade?*^,  cesium  monoxide  melts  at 
350  - A00°C  with  decomposition  into  a higher  oxide  (Cs202?) 
and  cesium  vapor  {?);  it  reacts  with  hydrogen  at(  160  - l80°C 
to  form  CsOH  and  CsH:  with  oxygen  at  170°C  to  form  a 
mixture  of  higher  oxides;  and  with  molten  sulphur  to  form 
a mixture  of  sulfate,  sulfide. or  polyeulfide.  The  monoxide 
reacts  violently  with  water  to  form  the  hydroxide,  and  with 
liquid  ammonia  slowly  to  form  a mixture  of  amide  and 
hydroxide.  In  contact  with  oxygen  at  room  temperature,  the 
orange  powder  of  cesium  monoxide  rapidly  becomes  dirty  tan 
Recording  to  our  experiments;  but  further  absorption  of 
oxygen  a^noars  to  be  slow,  although  on  prolonged  exposure 
to  oxygen  a thin  layer  of  Cs-0  can  be  converted  into  the 
yellow  Cs02. 


Cesium  Peroxide,  CS2O2 


Imoure  cesium  peroxide  containing  small  amounts  of 
amide  and  hydroxide  has  been  prepared  by  Hangade"  by  the 
oxidation  o**  cesium  In  liquid  ammonia  with  the  calculated 
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amount  of  oxygen.  It  has  also  bean  nrennred  * ' by 
direct  combination  of  cesium  and  oxygen  followed  by  rapid 
fusion  of  the  reaction  mixture  in  an  aluminum  vessel j 
however,  the  molten  oxide  and  peroxides  of  cesium  have 
been  foundF  to  attack  all  glass  and  metal  containers 
vigorously.  According  to  Rengade,  Cs2^o 
to  pale  yellow,  melts  at  400  - 4506G  into  a dark  colored 
liquid,  and  reacts  with  water  to  give  CsOH  and  HpOjl'5). 
However,  Contnersver  and  Blunenthal-  gave  the  meltlng- 
ooint.  of  the  peroxide  as  594°C. 

No  x-ray  data  for  this  peroxide  hav9  been  recorded 
in  the  literature.  However,  the  extra  powder  lines  from 
partially  oxidized  CsoO  powder  samples  prepared  in  this 
laboratory  {se->  report  on  the  structure  of  C32O,  Part  III 
of  this  final  report)  strongly  suggest  the  Dresencs  of 
this  ncroxide  as  a orincioal  oxidation  product  when  cesium 
monoxide  is  exposed  to  a limited  amount  of  oxygen. 


Cesium  Sasquioxide,  C320-j(?) 


The  dark  brown  cesium  sesquioxide,  CspCM?),  anpears 
to  exist  as  an  intermediate  oxidation  oroduct  when  a 
solution  of  cesium  in  liquid  ammonia  is  treated  with 
oxygen-.  According  to  Centnerswer  and  Blume.othal^,  the 
existence  of  the  sesquioxide  is  indicated  bv  the  oxyg°n 
dissociation  Pressure  of  a sample  preoared  by  prolonged 
oxidation  of  cesium  with  the  requisite  amount,  of  oxygen. 
However,  most  of  the  dissociation  pressure  data  appeared 
to  be  taken  above  a molten  phase;  furthermore,  they  also 
reported  the  dissociation  pressure  of  potassium  sesnui- 
oxido,  1*203(7),  the  existence  of  which  was  not  substanti- 
ated by  x-ray  analysis^. 

Nonstoichiometric  samples  of  the  sesquioxide  (CsOj  og, 
CsOi  jt)  have  been  prepared  by  Helms  and  Klernm®  by  the 
oxidation  of  cesium  monoxide  vrith  oxygen  at  200°C,.  The 
same  investigators  reported  that  the  absorntion  of  oxygen 
by  cesium  monoxide  appeared  to  be  slow  below  150°C,  On 
further  heating  to  about  200°C , the  absorotion  became 
vigorous  vrith  evolution  of  heat  and  local  glowing  and 
melting.  However,  the  absorption  of  oxygon  stopped  at 
about  CsOt  Attempts  by  the  same  invest ip-ators0  to 
Drepare  ta<l  sesquioxide  by  direct  combination  of  cesium 
and  oxygen  were  unsuccessful  because  of  inccmolat^  reaction. 
A dark  brown  sample  of  approximate  composition  CgO^  was 
preoared  in  this  laboratory  by  direct  combination  of"  the 
elements.  The  difficulty  of  obtaining  a stoichiometric 
product  seems  to  arise  from  the  premature  caking  of 
the  reaction  mixture  caused  by  the  formation  of  an 
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Impervious  crust  of  the  higher  oxides,  or  CsOj, 

which  prevents  further  oxidation  o*'  the  occluded  lower 
oxides,  iaoid  fusion  of  the  incomplete  reaction  product 
in  tho  remaining  oxygon  fails  to  increase  the  oxygen 
absorption,  orobably  because  of  the  low  rate  of  diffusion 
of  the  oxygen  through  n wslten  layer  of  the  lighter, 
higher  •'  ' --  ■ 

According  to  Heins  and  Klmrnn^,  x-ray  powder  data 
indicate  a Th^Po  structure  (Tg)  for  both  cesium  and 
rebidium  r.esquioxides , Hence  the  two  sesquioxides  probab- 
ly should  be  written  as  03^(05)3  ^4(62)3;  the  three 

02-^roups  probably  exist  as  20240*;  the  dark  color  of  the 
sesquioxides  can  be  ascribed  to  tie  sharing  of  one  set  of 
lattice  sites  by  the  O2  and  O2  ions.  However,  the  . 
structure  can  not  be  regarded  as  being  established  since 
the  x-ray  oowder  data  were  taken  with  nonstoichiometric 
samples,  CsO ^ ^ and  Rb01.4* 


Cesium  Guperoxide , Cs02 


Cesium  superoxide,  CsO?,  can  be  oreoarad  by  prolonged 
oxidation  of  cesium  in  liquid  ammonia  with  excess  ojrjrgen®* 
The  yellow  superoxide  is  also  obtained  when  cesium  vapor  is 
allowed  to  diffusa  into  excess  oxygen  (see  Part  III  of  this 
final | report  series,  on  the  preparation,  properties,  and 
structure  of  Cs^G) , or  when  a thin  film  of  cesium,  or  lower 
oxlde$  of  cesium,  is  exposed  to  excess  oxygen  over  a pro- 
longed oeriod  at  room  temperature.  The  superoxide  begins 
to  lo^e  oxygen  at  350°C8. 

1 

The  presence  of  the  superoxide  ion5,  0^,  in  the  crystal 
is  indicated  bv  the  CaCq-tvpe  structure,  by  the  observed 
paramagnetic  susceptibility,  and  by  the  analogy  with 
potassium  and  rubidium  superoxides,  KQj  and  RbOj.  Cesium 
superbxlde  is  expected  to  be  a colored  compound  because  of 
the  presence  of  an  unpaired  electron  in  the  0?#  ion* 

However,  a sufficiently  thin. film  of  the  yellow  superexide 
might,  appear  to  be  colorless  . 

s 

■The  physical  and  chemical  properties  of  the  aonoxide 
and  higher  oxides  of  cesium  are  summarized  in  Table  II, 

The  peroxide,  €320?,  apnears  to  be  the  most  stable  of  the 
four  compounds  .at  higher  temperature,  whereas  at  room 
temperature  Cs^O,  CS20?,  and  Cs20o(^)  are  all  unstable 
towards  oxygen.  The  peroxides  are,  however,  unstable 
towards  cesium  vapors,  although  the  reaction  appears  to  be 
very  slow  at  room  temperature.  Thin  films  of  the  higher 
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oxides,  formed  during  the  premrar  Ion  of  Cs-^Q  {see  Part 
HI  of  this  final  report  series),  gradually  turned  red 
upon  continued  exposure  to  cesium  vanor;  and  when  a 
small  amount  of  the  vellow  super ox id 3 was  digested  with 
a molten  sufccxide  (C37O?  or  CsV))  at  150  - 1?0°C,  the 
superoxide  was  readi3.y  decomposed.  The  monoxide,  CS2O, 
itself  also  dissolves  slowly  in  excess  cesium  to  form 
toe  suboxide.  It  remains  to  be  established,  however, 
whether  Cs^Oo  and  C32O3V?)  can  be  obtained  from  Cs02 
by  the  addition  of  cesium.  Otherwise  the  whole  range 
of  the  phase  diagram  from  Cg  to  CsOj  can  h©  regarded  as 
reversible  in  the  sense  that  under  suitable  conditions 
a hitler  oxide  can  be  obtained  from  a lower  oxide  by  the 
addition  of  oxygen,  and  a lower  oxide  can  be  obtained 
from  a higher  oxide  or  peroxide  by  the  addition  of  cesium. 


Oxidation  of  Cesium  with  Silver  Oxide 

'•'/he n powdered  silver  oxide  was  added  to  molten  cesium 
(initial  composition  of  the  system:  2Ag2047Cs) , a viperous 
reaction  took  place.  X-ray  powder  photographs  of  the 
reaction  mixture  showed  Ag  linos,  Cs702  lines  (d/nsB,3, 

3.9,  3.2,  2.7),  but.  no  Ag20  lines. 

Whan  cesium  was  slowlv  distilled  onto  a thin  layer  of 
powde red  aK2  0,  a thin  coating  of  the  hitcher  oxides  was  soon 
formed  v/hicH  prevents  further  reduction  of  the  unchanged 
Ag20  bv  the  excess  cesium.  By  digesting  the  reaction 
mixture  at  130°C  for  P hours,  however,  some  of  the  powder 
lines  apparently  due  to  higher  oxides  of  cesium  appeared 
to  decrease  in  intensity.  The  difficulty  of  identifying 
the  reaction  products  with  the  higher  oxides  of  cesium  lies 
in  the  fact  that  the  powder  patterns  of  C32O2  and  Cs2C^(?) 
have  not  been  definitely  established;  both  compounds  might 
have  some  powder  lines  above  d/n-A.l,  as  the  cells  are 
exoected  to  be  large. 


Cesium  Gzonate,  CsOt 
* 

According  to  Whalev  and  Klelnberg^*',  the  formation  of 
cesium  070na.be  when  an  anhydrous  powder  sample  of  cesium 
hydroxide  is  heated  with  ozonized  air  is  indicated  by  the 
orange-red  color  of  the  sample,  the  amount  of  oxygen 
liberated  upon  decomposition  with  water,  end  the  observed 
paramagnetic  susceptibility.  The  sample  when  freshly 
prepared  gives  no  peroxide  test;  the  orange -red  product 
is  soluble  in  liquid  ammonia  and  decomposed  at  17C°C  xnto 
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a mixture  of  white  and  yellow  nolid  (CsOp?)  which  gives 
positive  peroxide  test.  However,  the  ammonia  extract 
appears  to  contain  more  than  one  substance. 


1,2  Preparation  cf  Ag-O-Cs 
Photo cathodes 

Since  the  original  surface  development  by  Kollor^ 
in  1929,  numerous  different  preparative  procedures  have 
been  renorted  leading  to  surfaces  having  verv  different 
spectral  responses  and  sensitivities.  In  relationship 
to  investigations  described  later,  two  typos  of  preparative 
procedures  are  of  interest;  naiely,  the  massive  cathode 
and  the  semitransparent  cathode  surfaces.  It  is  to  be 
noted  that,  the  good  infrared-sensitive  surfaces  prepared 
bv  the  different  methods  have  similar  spectral  resoonse 
characteristics  and  therefore  common  structure  and 
chemical  characteristics. 

The  massive  cathode  Ag-O-Os  surface  is  primarily  of 
interest  because  of  the  relative  simplicity  of  preparation. 
The  following  procedure  is  commonly  used  for  the  preparation 
of  a massive  cathode  tube1,  . A massive  silver  sheet 
cathode  is  formed  into  a semioylindrical  shape  and  is 
mounted  on  a wire  through  a press  seal  in  a glass  tube 
envelope.  The  anode  is  formed  by  a second  vrire  through 
the  press  seal.  Commonly,  a nickel  cup  containing  a neilet 
formed  from  a mixture  of  cesium  chromate  and  silicon  is 
mounted  within  the  tube  envelope  in  such  a position  as  to 
be  readily  accessible  for  induction  heating.  The  tubs, 
being  sealed  to  a vacuum  system,  Is  thoroughly  outgassed 
in  a high  vacuum  at  an  elevated  temperature  (300  - A00°C). 
Subsequently,  oxygen  is  in*  ’oduced  into  the  system  to  a 
pressure  of  the  order  of  1mm  Hg  and  the  silver  is  oxidized 
by  a glow  discharge.  The  extent  of  oxidation  is  generally 
controlled  by  the  color  of  the  oxide  surface.  After 
oxidation  the  tuba  is  evacuated  to  less  than  lQ^mm  Hg,  the 
cesium  puller  is  fired,  and  the  tube  is  baked  at  180  - 200°C 
for  a period  of  time.  The  time  of  bake  may  be  controlled  by 
observing  the  color  of  the  cathode  or  by  measuring  the 
thermionic  emission . The  maximum  infrared  sensitivity  is 
related  to  a maximum  thermionic  emission.  At  the  end  of  the 
bake  the  tube  is  sealed  off.  It  has  been  reported  that,  the 
photosensitivity  lost  due  to  excessive  raking  may  be 
recovered, by  bombardment  the  surface  with  an  argon  glow 
discharge1-*,  but  spectral  response  data  are  not  reported. 

The  semitransparent  cathode  may  be  prepared  using  a 
variety  of  procedures  to  enhance  the  photosensitivity.  The 
procedure  described  by  Zworykin  and  ftambarg  (see  ref.  It, 
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p.  95)  is  as  follows.  The  tube  consists  of  a silver  bead 
evaporator  unit  mounted  in  a eiass  tube  envelope  with  a 
metal  photosurface  contact  lead  sealed  through  the  tube 
wall  at  the  edge  of  the  photosurface  area.  The  periphery 
of  the  area  on  which  the  photosurface  is  to  bo  formed  is 
usually  coated  with  a conducting  film  of  gold  or  platinum 
wrtich  makes  contact  between  the  photosurface  and  the 
metal  lead-in  wire.  After  evacuation  and  outgarsing,  a 
50  percent  transmission  silver  film  is  evaporated  on  the 
glass  surface  by  electrical  heating  of  the  silver  bead 
or  wire  in  the  evaporator  unit.  The  surface  is  then  fully 
oxidized  by  a glow  discharge  in  oxygen,  and  a second  silver 
film  is  evaporated  to  reduce  the  transmission  to  50>. 

After  heating  the  evacuated  tube  to  l£0  - 200°C,  cesium  is 
carefully  aided  from  an  auxiliary  source  until  a maximum 
in  thermionic  emission  is  observed.  At  this  point  the 
cesium  addition  is  discontinued,  and  after  the  surface  has 
developed  maximum  thermionic  emission,  the  tube  is  cooled 
and  sealed  off.  The  deposition  of  the  second  silver  laver 
is  related  to  the  formation  of  s conducting  surface  from 
which  thermionic  emission  may  occur^-°. 

The  sensitivitv  of  the  cathode  may  be  increased  further 
after  the  initial  fabrication  by  the  careful  evaporation  of 
additional  silyeror  gold  on  the  surface  to  give  a maximum 
photosensitivity-*"'.  This  process  has  tne  net  effect  of 
increasing  photosensitivity  and  decreasing  thermionic 
emission  without  changing  the  thermionic  work  function. 

The  phenomena  involved  are  discussed  further  in  the  follow- 
ing section. 

It  is  frequently  observed  that,  after  fabrication, 
the  spectral  response  of  a tube  changes  with  time  at  room 
temperature-  ♦ Consequently,  the  tubes  are  frequently 

fiver,  a stabilizing  bake  at  elevated  ‘temperatures  (ICO  - 
50°"}  for  varying  periods  of  time.  In  later  portions  of 
this  revort  this  variation  in  tube  characteristics  is 
shown  to  be  related  to  the  equilibration  of  the  gross 
chemical  composition  ot  the  tube. 


A good  review  of  the  methods  of  pr^aring  photo - 
cathodes  has  been  published  by  Hartmann- 


1.3  rho’-osurfnee  Composition 

Since  1929  several  experiments  have  been  performed 
in  an  effort  to  establish  the  composition  of  the  cesium 
oxide  involved  in  the  photosensitivity  of  the  silver- 


o-cv'rcn -cesium  Photocotho*'e«  Precision  was  net.  high  in 
the  f.c  experiments  he  can  sc  of  the  snail  quantities 
involved  ar.fi  the  fact  that  appreciable  cerium  is 
decosit ed  >n  other  surfaces  than  the  photocothode. 

•..no  o'*  the  rirrt  composition  studies  was  performed 
>iy  Ko  !ler^^.  In  this  investigation  the  cesium 

released  h'»  firing  a CsoCrO^-Si  nellet  was  deposited  on 
a cathode  surface  and  tfie  photoemission  of  the  surface 
followed  during  the  reaction  of  this  cesium  with  oxvgnn 
introduced  at.  n fixed  rote.  The  composition  of  the 
surface  was  calculated  from  the  amount  of  oxyp*n 
required  to  reach  maximum  photosensitivity  aridi  assuming 
a 100%  cesium  yield  from  the  pallet*  Frbm  such 
experiments  Koller  concluded  that  the  surface  consisted 
of  a thin  ^ilm  of  cesium  on  a surface  consisting  of  the 
ru -oxides  of  cesium.  Since  subsequent,  experiments  have 
sho'/n  that  the  cerium  yield  from  Cs2CrO^-2i  pellets  is 
usually  less  than  100%,  these  conclusions  are  not  accurate- 
ly valid*  Holler’s  work  is,  however,  of  considerable 
interact  ror  other  reasons. 

In  1031  N.S.  Oampbell^  reported  the  results  of  a 
rather  careful  invert igat ion  of  the  photosurface  nonposition. 
In  there  experiments  the  amount  of  oxygen  deposited  during 
the  glow  discharge  oxidation  of  silver  wsb  measured  direct- 
ly hy  the  pressure  charge  in  the  static  system.  Cesium 
obtained  hy  the  thermal  decomposition  of  cesium  azide  was 
introduced  into  the  tube  using  a capillary  to  control  the 
flow  rate.  The  capillary  was  calibrated  by  a direct 
analytical  determination  of  the  cesium  flow  rate  per  unit 
time.  It  was  found  that  the  Cs/0  ratio  for  the  sensitive 
surface  was  2*0  and  Campbell  concluded  that  the  oxide  was 
CsjO.  It  is  to  be  noted  that  these  results  refer  to  the 
quantities  of  cesium  and  oxygen  in  the  phototube  and  not 
to  the  amounts  on  the  photocathode  itself.  Significant, 
quantities  of  cesium  also  react  with  the  glass  wall  of  the 
onototube. 

Prescott  and  Kellyl^  performed  an  analysis  of  the 
photosurface  in  t.he  following  manner.  The  ’oxidation  was 
performed  by  repeated  discharge  of  a high-voltage  condenser 
across  the  tube.  The  amount  of  oxygon  deposited  per 
discharge  was  determined  in  an  auxiliary  experiment.  After 
the  silver  was  oxidized  to  a known  extent,  the  cesium  was 
introduced  and  the  tube  fabricated.  Microchemicnl  analyses 
of  the  tube  demonstrated  that  68%  of  the  initial  cesium  was 
on  the  cathode  and  32%  on  the  inner  surfaces  of  the  glass 
envelope,  Ihe  initial  cesium  was  recovered  to  a 3%  accuracy. 
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Assuming  that  the  oxygen  deposited  during  oxidation 
remained  on  the  cathode,  they  arrived  at  the  photo- 
surface  composition  Cs^  -jO  and  concluded  that,  the 
active  species  was  C32O!  They  also  report  that  the 
microanalysia  indicated  the  presence  of  0.13  mg  of 
unreacted  Ag20  on  the  cathode.  This  result  is 
surprising  considering  that  the  tubes  were  fabricated 
at  200  - 225°C.  Assuming  the  oxide  was  Ag20  this  would 
correspond  to  5*3&k10~'  moles  of  Ag20  or  the  equivalent 
of  605  condenser  discharges.  Detailed  data  are  not 
presented  for  the  tabes  which  were  analyzed;  however,  it 
was  stated  that,  the  most  satisfactory  surfaces  ware 
obtained  using  approximately  100  discharges.  In  this 
experiment  the  question  of  the  oxidation  of  tube  elements 
or  possible  loss  of  oxygen  from  the  surface  was  not 
considered. 

In.  Sayama  reported  the  results  of  an  investigation 

of  the  vapor  pressure  of  the  cesium  oxide  photocathode^l. 

The  cesium  flow  rate  into  the  experimental  tube  was 
controlled  by  the  rate  of  effusion  of  cesium  through  a hole 
bored  in  a platinum  plate  which  was  mounted  in  a side  tube. 
The  amount  of  cesium  introduced  was  calculated  using  the 
known  vapor  pressure  of  cesium  and  Xnudsenfs  equation  for 
flow  through  an  orifice.  The  cesium  pressure  in  the  tube 
was  measured  with  an  ionixatlon  gauge  using  Langmuir’s  method 
which  depends  on  the  fact  that  a cesium  ion  is  produced  in 
every  collision  of  a cesium  atom  with  a hot  tungsten 
filiament.  The  thermionic  emission  and  white  light  photo- 
sensitivity were  measured  periodically  during  the  cesium 
addition. 

In  the  experiments  it  was  observed  that  very  shortly 
after  the  maximum  thermionic  emission  and  white  light 
sensitivity,  the  vapor  pressure  of  cesium  increased  very 
rapidly,  Since  this  was  observed  at  2.0  (Cs/0),  Sayama 
concluded  that  during  continuous  cesium  addition  the 
maximum  thermionic  and  photoelectric  emissions  are 
associated  with  the  formation  of  C32O.  At  cesium  compo- 
sitions greater  than  CsoO,  Sayama  noted  that  the  thermionic 
and  photoelectric  emissions  returned  to  their  maximal 
values  on  cooling  the  cesium  source.  This  was  interpreted 
as  being  caused  by  the  effusion  of  cesium  back  into  the' 
cesium  source,  and  consequently  as  indicating  that  the 
process  was  fully  reversible!  It  is  to  be  noted  that  the 
cesium  partial  pressure  in  the  tube  was  not  constant  during 
the  cesium  addition,  as  would  be  anticipated  if  eoui librium 
had  been  established  during  the  process  of  addition.  During 
the  cesium  adoption  the  partial  pressure  of  cesium  was  less 
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than  lxlO“10nsn  Hg  for  Cs/0<l*k,  approximately 

Hg  at  C/0=2.0,  and  increased  rapidly  beyond 
2,0  Ca/0  to  approximately  4xl0"^rara  Mg  at  03/0=2,5*  The 
sudden  increase  in  pressure  at  05/0*2.0  was  regarded  as 
resulting,  from  the  deposition  of  a layer  of  excess  cesium 
on  the  surface  of  C82O, 

Sayama  also  prepared  a aeries  of  cathodes  with 
variable  composition  which  were  sealed  off  from  the  cesium 
source  and  given  a stabilizing  bake.  For  these  tubes  the 
form  of  the  spectral  response  curves  did  not  vary  significant- 
ly for  2<Cs/0O.  The  absolute  yield  of  the  photoelectric 
and  thermionic  emissions  also  remained  nearly  at  the  same 
values  for  this  composition  range.  Sayama  therefore  con- 
cluded that  the  greater  part  of  the  excess  cesium  was 
present  as  the  suboxide,  Cs^Q.  (Sea  Section  U for  further 
discussion  of  this  point.)  In  addition,  Sayama  found  that 
in  the  composition  range  Cg/0>2,6  the  ion  gauge  did  not 
behave  as  expected  for  pure  cesium.  He  suggests  that  the 
results  are  interpretable  on  the  assumption  that  cesium 
XJXide  molecules,  possibly  Cs^O,  are  present  in  the  gas  phase. 
Further  confirmation  for  the  formation  of  a volatile  compound 
has  been  obtained  during  the  course  of  the  present  investi- 
gation (see  Section  4). 

Although  Sayama  concluded  that  CS2O  is  the  species 
responsible  for  photoelectric  emission  in  the  infrared,  and 
although  our  results,  to  be  described  later,  are  compatible 
with  this  conclusion,  nevertheless  we  do  not  believe  that 
hie  results  lead  unambiguously  to  this  conclusion.  Reaction 
with  the  tube  envelope  is  important.  This  is  indicated  by 
the  work  of  Prescott  and  Kelly  and  has  been  confirmed  in  our 
work.  No  correction  for  this  factor  was  made  by  Sayama. 
Moreover,  his  conclusion  that  recovery  of  photoemission  on 
cooling  the  cesium  source  to  0°C  is  due  to  the  diffusion  of 
cesium  back  from  the  photocathodo  to  the  source  it  not  correct. 
At  a cesium-oxygen  ratio  of  2.0  the  pressure  of  cesium  is 
below  10"Xra;n  Hg  above  the  photocathode  while  the  equilibrium 
vapor  pressure  of  cesium  is  10"7mm  Hg  at  0°C.  We  have  found, 
in  addition,,  that  infrared  sensitivity  increases  on  cooling 
a cesium  source  both  before  and  aftey  the  maximum  emission 
(see  Section  3) • 


The  published  results  of  Campbell,  Prescott  and  Kelly, 
and  Sayama  agree  in  that  CsoO  is  indicated  as  the  active 
ingredient.  There  seems  to*~be  some  question,  however,  as 
to  why  they  should  agree  since  neither  Campbell  nor  Sayama 
took  into  account  the  reaction  of  cesium  with  the  tube  walls, 
while  Prescott  and  Kelly  did  take  this  factor  into  account. 
Our  own  decision  to  reinvestigate  the  question  arose  for 
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several  reasons.  The  apparent  contradiction  mentioned 
above  wa-.  one  reason.  Another  reason  arose  during  the 
course  or  n investigation  of  semitransparent  cathode'* 
prepared  in  such  a manner  as  to  contain  C32O,  The 
preparative  method  was  patterned  aftOr  experiments  on 
bulk  quantities  of  cesium  suboxides  which  showed 
conclusively  that  Ca^O  is  the  end  product  when  a cesium 
suboxide  is  heated  to  190°C  in  vacuo  (see  Section  1.1). 
The  Photocathodes  prepared  in  this  way  were  not,  however, 
highly  in ^ rar e d -3 n nitive.  The  composition  was  therefore 
reinvest  looted  in  the  manner  already  indicated  in  the 
introduction. 


1 ,U  Role  of  Silver  in 
the  Photocathode 

We  have  not.  systematically  studied  the  influence  of 
silver  on  the  phot -cathode,  although  in  on<»  instance  an 
import  unt  influence  of  the  silver  base  has  been  demonstrated 
conclusively  (see  Part  I of  this  report  series,  also  .Sections 
3.51  and  L.l?  of  the  present  report).  Nevertheless,  the 
distribution  of  silver  in  the  ohotocathode  has  an  important 
influence  on  Photosensitivity  and  any  proposals  as  to  tne 
origin  of  photoelectrons  must  take  this  factor  into  account. 
In  this  sect-. Ion,  therefore,  some  previous  work  which  bears 
on  this  matter  is  reviewed.  The  work  of  Asaoz3  is  summarised 
in  considerable  detail  both  because  of  its  bearing  on  the 
role  of  silver  in  the  photocathode  and  also  because  of  the 
important  auxiliary  experiments  which  were  performed.. 


1 . hi  Photosurface  classification 

De  Boer  has  developed  a classification  for  the 
photo surf aces  formed  by  the  reaction  of  cesium  with  oxvren 
on  a silver  base.  The  classification  is  based  in  part  on 
the  photoe1 ectrlc  response,  the  condition^  of  preparation, 
and  a Physical  model  of  the  photosurf ace*^ . The  classifi- 
cation .serves  to  indicate  in  a comoact  way  the  importance 
of  silver  distribution  and  serves  as  a useful  introduction. 
The  classification  data  are  given  in  Table  III. 

The  above  classification  is. based  on  the  method  of 
preparation.  The  methods  are  30  selected,  however,  as  to 
suggest  the  distribution  of  constituents,  particularly 
silver,  in  the  photocathode.  The  deposition  of  Cs20  on 
a layer  of  silver  does  not.  ^produce  a cathode  with  as  high 
relative  infrared  sensitivity  as  does  the  addition  of  cesium 
to  oxidi-ed  silver.  The  latter  process  no  doubt  results  in 
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TABLS  III.  Ag-O-Cs  PHOTuSURFACSS 


Cathode* 

Photoelectric 

Threshold 

(to/*) 

Longest  Wavelength 
Photoemis&ion 
Maxima 
(iy4 

( AgJ-Oi-Cs 

600 

350 

( Ag}-Cs2C~^B 

~ 1150 

610 

{ Agi-CsoO^  Ag- Cb 
\Ag)~CspO,  Aff-Ca  with 
extra  Xg(Me) 

~ 1200 

700  to  £00 

~ 1200 

750  to  600  . 

(Ag)CspO,  Gs,  Ag-Ca 
(AgfCslO,  Cn,  Ag-£a 

to  **  1100 

*750  to  above  800 

witfi  extra  Ag(Me) 

to  0*  1700 

750’  to  850 

* The  conditions  for  the 
follows: 

preparation  of  the 

cathodes  were  as 

(Ag)  -Of.Cs  Heat  a cleart  silver  surface  in  oxygen 

at  360°C,  cool,  evacuate,  heat  treat 
at  300°C  In  the  presence  of  cesium. 
(Corresponds  presumably  to  thin  CajO 
layer) . 

(Ag)-Cs2ti“C3  deposit  a thin  layer  of  cesium  on  silver, 

oxidise  the  cesium,  treat  oxide  with 
cesium. " 

(Corre spends  presumably  to  thick  C32O 

laver) . 

( A/?) ~Cg2CVAg-Cs  Oxidize  silver  in  a glow  discharge, 

introduce  cesium,  and  react  by  heating 
to  250°C. 

(Corresponds  presumably  to  Ay  base  with 
an  intermediate  layer  of  CspO  and  Ag, 
and  an  adsorbed  layer  of  Ob)  t 

(AgJ-CaoOj  Ag-Cs  Above  surface  with  silver  added  by 

with  extra  Ag  (Me)  evaporation  from  an  auxiliary  source. 

(Ag  layer  added  to  above  surface! 


25 


TABLS  III.  (Continued) 


* The  conditions  for  the  preparation  of  the  cathodes  were  &a 
follows; 

( Apr) ~Cs?0,Csf  Ag-Cs  Heat  treat  (Ag)»Cs20,  Ag-Ca  surface 

in  excess  Cs  vapor  for  some  time  at 
2QO°C , 

(Same  as  (A^)-CsoO,  Ag-Ce  but 
additional  Cs  introduced  into  C82O) . 


( Cs,  Aet-Cs  Add  Ag  to  previous  surface  by 
with  extra  Ag  (Me  ) evaporation  from  a source. 

(Ag  layer  added  to  afcove  surface). 


* 
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a more  Intimate  mixing  of  silver  with  Cs^O  in  the 
finished  cathode.  According  to  de  Boer's  model  of 
the  photocathode  the  photoelectrdiis  originate  fro® 
cesium  atoms  adsorbed  on  the  surface  of  Cg20»  The 
first  cesium  atoms  to  be  adsorbed  go  to  "active” 
spots  where  the  atoms  are  most  finhly  bound;  . On 
irradiation, , photo  ionisation  occurs*  The  shift  in 
long  wave  limit  for  adsorbed  cesium  atoms  as  compared 
-with  isolated  cesium  atoms  is  attributed  to  the  fact 
that  in  the  former  case  the  positive  ion  produced  is 
very  strongly  bound  to  the  lattice  surface.  (See  Fig, 

73  of  ref.  ?2  where  the  case  of  Gs  on  CaF?  is  illus- 
trated. Cs  or  C32O  is  presumed  to  be  similar.  See 
also  Fig.  #6  of  ref.  22  where  the  adsorption  of  cesium 
on  CaF?,  BaFjj  etc.  is  illustrated.)  A distinction 
has  been  made  by  de  Boer  between  photocathodes  with 
thin  and  thick  intermediate  layers  {i.e*.  C»2(')  between 
metal  baso  and  a surface  photosensitive  layer) . In  the 
former  case  (thin  layer)  a very  high  electrostatic  field 
is  produced  by  positive  ions  formed  in  photoionization 
and  hence  electrons  are  pulled  out  of  the  base  metal  to 
replace  those  removed  by  photoionization.  In  the  case 
of  thick  layers,  on  the  other  hand,  the  electrostatic 
field  at  the  metal  base  is  reduced  because  the  positive 
ions  at  the  surface  are  new  further  removed  from  the 
base.  Siectrons  lost  on  photoionization  are  therefore 
replaced  much  more  slowly  when  the  intermediate  layer  is 
thick.  This  results,  according  to  do  Boer,  in  a photo- 
electric current  which  does  not  reach  saturation  until 
very  high  potentials  are  applied  between  cathode  and 
collector  plate.  In  order  to  increase  the  conductivity 
of  the  intermediate  layer  it  is  important  that  it  should 
he  mixed  with  a finely  dispersed  metal.  When  this  is 
done  the  photoelectric  current,  saturates  at  much  lower 
collector  voltages  { 3ee  Fig.  13  L of  ref.  22  for  an  examole 
in  which  cesium  is  added  respectively  to  BaFp  and  to  Ba*2 
mixed  with  tungsten  and  barium,  saturation  is  reached  at 
much  lower  voltages  in  the  latter  case.  Ce  on  Co20  is 
presumably  similar.)  In  accordance  with  this  conception 
a good  deal  of  work  has  been  done  in  which  photocathodes 
are  prepared  in  such  a way  that  it  might  be  reasonably 
assumed  that  finely  dispersed  metal  is  added  to  the  inter- 
mediate layer.  This  might  be  done  by  evaporating  metals 
onto  the  ohotocathode  after  preparation  by  partially  reducing 
the  silver  oxide  before  adding  cesium,  by  bombarding  a 
cathode  with  positive  ions  in  a discharge,  etc.  Not  only 
silver  bur  also  alkali  metals,  oarticularly  cesium,  may  be 
added  to  *he  intermediate  layer  and  have  a marked  influence 
on  the  uhotocathode . One  method  of  adding  cesium  to  the 
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Intense-’ late  layer  is  to  heat  a photoeathode  in  caelum 
vapor  at  200° C , It  Is  interesting  to  note  DeBoer’s 
statement  that  this  achieves  the  desired  effect  much 
more  easily  when  foreign  atoms  (e.g.  silver)  are  already 
present  {see  page  322  of  ref.  22).  The  examples  of 
Table  111  provide  a summary  showing  the  effect  of  several 
methods  of  preparation  designed  to  add  finely  dispersed 
metal  or  metal  atoms  to  the  intermediate  layer*  Hie 
subject  is  discussed  at  length  with  references  to  the 
literature  in  Chapter  XIII  of  de  Boer’s  book.  It  is  of 
more  interest  here  to  discuss  in  some  detail  the  thorough 
and  systematic  study  tv  Asao,  of  the  addition  of  one 
constituent  {silver;  to  the  photocathode. 


1 » 1+2  Effect  of  silver  addition 

The  increase  in  photo  sensitivity  caused  by 
evaporating  eilver?onto  the  photosurface  has  been  extensive- 
ly studied  by  Asao*^.  During  the  course  of  this  work,  which 
is  unusually  thorough  and  complete,  a considerable  amount  of 
fundamental’  factual  information  has  been  established.  On 
this  account  aud  because  of  the  intrinsic  interest  in  the 
effect  of  added  silver  this  work  is  reviewed  in  detail. 

The  Investigation  raay  be  conveniently  considered  in 
two  parts;  namely,  the  evaporation  of  silvsr  onto  the  surface 
formed  by  the  reaction  of  cesium  with  oxidised  silvor  and  the 
evaporation  of  silver  onto  a surface  formed  by  reacting  cesium 
with  a layer  of  CsC>2  prepared  on  a quartz  or  silver  substrate. 

"he  silver  oxide  cathodes  were  prepared  by  the  evaporation 
of  a silver  surface  onto  the  phototube  wall,  oxidizing  in  a 
glow  discharge  to  the  desired  extent,  evacuating,  and  reacting 
the  oxide  surface  with  eye  slum  lSO^C  to  promote  the  formation 
of  the  cesium  oxide  and  to  remove  excess  cesium.  The  silver 
evaporator  was  so  constructed  that  before  evaporation  of 
silver  onto  the  surface  it  could  be  heated  to  remove  con- 
taminants from  the  surface  of  the  evaporator.  If,  as  a 
result  of  this  preliminary  heating  of  the  silver  evaporator, 
there  was  a change  in  the  photosurface  characteristics,  the 
phototube  was  given  a stabilizing  bake  at  130°C  before  the 
silver  evaporation.  The  surfaces  before  the  evaporated 
silver  activation  exhibited,  at  most,  only  a slight  nhoto- 
resoonse  maximum  in  the  range  from  500  - BOO  m p.  and  had  a 
thermionic  work  function  of  0.39  ev.  The  thermionic  work 
function  was  obtained  from  the  lope  of  a log  i versus  l/T 
plot.  Asao  states  that  the  cesium  oxide  surface  contained 
aonroxim'.tely  5 to  10  excess  cesium  atoms  per  100  Cs^O 
molecules. 
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The  cesium  oxide  phototube  was  formed  by  the 
deposition  on  a -substrate  at.  -l£0°C  of  a surface  cesium 
layer  on  and  between  two  evaporated  silver  contact 
surfaces  deposited  on  the  quarts  tube  wall.  The  cesium 
was  then  oxidized  to  CcOj  with  oxygen,  followed  apparent- 
ly by  the  addition  of  excess  cesium  to  the  oxide  a£  room 
temperature  to  convert  the  C3O2  into  CS2O  and  thus  form 
a thoto sensitive  surface.  The  excess  cesium  introduced 
during  this  process  was  absorbed  by  colloidal  graphite  in 
a side  tube.  The  layer  had  a thickness  of  the  order  of 
10C0A  and  appeared  to  have  a very  faint  vellow  color. 

From  the  iiscuStion  it  is  not  clear  whether  or  not  the 
surface  was  riven  a bake  at  a high  temperature  to  establish 
phase  equilibrium.  This  surface  exhibited  a high  electrical 
resistance  and  the  conductivity  vas  characteristic  of  a 
semiconductor  (decreased  resistance  with  increased  temper- 
ature). During  the  conductivity  measurements  (at  100,  50, 

20,  and  -1BQ°C)  the  conductivity  decreased  during  the  course 
of  each  measurement.  The  room  temperature  resistance  cl- 
one cesium  ovide  surface,  for  example,  changed  from  1x10^  to 
1*5x10-  ohms  during  the  conductivity  measurement.  It  is  then 
clear  that  these  sxirfaces  do  not  represent  an  equilibrium 
stale  for  the  distribution  of  cesium.  This  surface  had  (l) 
no  selective  maximum  between  500  and  £00  nyk,  (2)  s long 
wavelength  limit  somewhat  beyond  1000  and  (3)  a low 
photosensitivity  as  compared  to  the  surfree  formed  with 
silver  oxide. 

In  parsing,  it.  Is  worthwhile  to  note  that  these  photo- 
surfaces  studied  by  Asao  apparently  correspond  to  the 
surfaces,  described  later,  which  were  prepared  by  introducing 
excess  cesium.  At  150°C  it  is  verv  difficult  to  modify  the 
composition  hv  distillation  of  excess  cesium  away  from  the 
photosurface  to  produce  a surface  with  high  infrared  sensi- 
tivity (see  Section  3.32), 

It  is  convenient  to  summarize  Asao’s  results  ir.  outline 
form  as  follows: 

1*  The  photosensitivity  of  a thin  oxide  film  photo- 

surface  (50  - 100  molecular  layers)  may  be  increased 
several  fold  by  the  evaporation  of  a limited  amount 
of  silver  on  the  surface  at  room  temperature  or 
higher  (100°C).  A further  increase  raav  be  obtained 
by  baking  the  surface  at  an  elevated  temperature. 

2,  The  evaporation  of  silver  onto  a thick  oxide  ohoto- 
surface  does  not  increase  the  photoeraission  except 
for  special  processing  conditions.  The  surface 
obtained  under  the  special,  though  unstated, 
conditions  exhibits  hi«h  sensitivity  in  the  range 
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from  600  - 300  ny*»  but.  much  less  in  the  region 
beyond  350  mx, than  a good  infrared -sensitive 
thick  oxide  T>hoton»irfae«  (long  wavelength  limit 
f*»lX00  m^teomo ared  to  1300  nyh>  Soe  Section  3)» 

3.  The  evaporation  of  silver  onto  a thin  oxide 

surf nee  at  liquid  air  temperature  results  In  an 
immediate  decrease  in  sensitivity  no  matter  how 
small  the  amount  deposited. 

i».  During  the  evaporation  of  silver  to  obtain 

-taxi-nun  photceraission,  the  thermionic  emission 
decreases  exponentially  without  a change  in  the 
thermionic  work  function  (0*39  ev) . 

5*  For  a thin  oxide  lay°r  the  maximum  sensitivity 
is  obtained  when  the  amount,  of  silver  added  is 
equivalent  to  2 atoms  of  added  Ag  per  CapO 
molecule  present  as  defined  by  the  original 
amount  of  oxygen  deposited  during  silver  oxidation. 

6.  The  evaporation  of  silver  results  in  the  formation 
of  a selective  maximum  in  the  range  600  - 900  raM- 
and  the  Iona;  wavelength  limit  msv  increase  or 
decrease  depending  upon  the  conditions  of  the 
experiment.  With  sufficient  silver,  and  before 
maximum  photoemission  is  obtained,  there  appears 
to  be  a definite  decrease  in  the  long  wavelength 
limit. 

7.  The  electrical  conductivity  of  the  silver-oxygen- 
cesium  cathode  is  metallic  in  character  and  is 
increased  during  silver^evanoration  (Resistance 
changes  from  120  ohm/ cm^  to  60  ohm/cm''}.  (The 
resistance  unit,  refers  resistance  between  two 
contact  strips  at,  opposite  edges  of  a square  1 cm 
on  each  edge.  Cur-rent  flow  is  parallel  to  the 
surface.)  Metallographic  examination  demonstrates 
the  presence  of  rather  coarse  silver  grains  in  the 
surface. 

3.  The  deoosition  of  copper  on  a Cs-Cs^O-^a,  Ou(Cu) 
cathode  produces  a marked  increase  in  the  integral 
ohotoemission  and  the  development  of  a maximum  in 
the  600  - 700  m j*. range, 

9.  Deposition  of  copper  on  the  Cs-CsoO-Cs.  Ag{A;r) 
cathode  produces  an  increase  in  the  emission 
between  500  - 300.  milt  but  a decrease  at  longer 
wavelenths  so  that  the  integral  sensitivity  remains 
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er.-QRtially  constant. 

10.  The  evaporation  of  silver  modifies  the 
transmission  and  reflection  characteristics  of 
the  photcsurface  as  a function  of  wavelength. 

In  particular,  the  reflecting  powder  from  500 
to  900  nuAf  is  markedly  increased.  This  is  shown 
in  Pig.  12  which  is  a copy  of  Fir.  16  in  Part  I 
of  Asao*3  report. 

11.  Svaporation  silver  onto  n cesium  oxide 
quartz  base  and  a cesium  oxide  silver  base 
photosurf nee  results  in  some  twenty  fold  increase 
in  photosensitivity,  and  the  development  of  a 
selective  maximum  in  the  wavelength  range  600  - 
750  myw  In  addition,  the  observed  large  photo- 
emission atX<350  cy^is  markedly  reduced  by  the 
addition  of  silver  atoms. 

12.  For  wavelengths  greater  than  500  nyctho  cesium 
oxide  ouart?  surface  is  verv  transparent,  nfc- 
sorotion  occurring  primarily  at  wavelengths 
shorter  than  500  mp.  This  is  illustrator,  in 
Fig.  3,  a cony  of  Asao’s  Fig.  2 in  Part  11  of 
his  report  (ref.  23). 

13.  The  evaporation  of  silver  on  the  cesium  oxide 
quartz  surface  results,  in  contrast  to  the 
previous  cell  containing  reduced  silver,  in  the 
nroduet.ion  of  selective  maxima  in  the  reflecting 
power  of  the  surface  in  the  range  600  - $00  mi*, 
and  n high  transmission  region  near  300  myc  ' 
which  is  related  to  the  selective  transmission 
maxi.mv  of  silver  at  these  wavelengths.  These 
da*  a are  also  illustrated  in  Fig.  3. 

1L.  On  cooling  both  types  of  cathodes  (quartz  and 
silver  oxide  silver  base)  to  liquid  air 
temperatures,  a marked  increase  in  the  photo- 
emission occurred  over  the  entire  wavelength 
range  from  500  to  1200  mp+ 

From  the  experimental  data  A sac  draws  several 
interesting  conclusions  relating  to  the  role  of  silver  in 
increasing  the  photoemisoion.  Ho  considers  a model  for 
the  cathode  consisting  of  an  intermediate  layer  of  cesium 
oxide  containing  adsorbed  (internal  and  surface)  cesium 
atoms  and  reduced  (i.e.,  resulting  from  the  reaction 
between  cesium  and  silver  oxide)  silver  atoms. 
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T’-WIB Mission  ($)  ? Tr*o»«l*sicai  ($) 


feroeleogth  t%i 

2.  SPECTRAL  TRANSMISSION  0 f C8-CS2O,  Cs,Ag  (QUARTZ)  BHFORB  (a) 
AND  AFTER  (a')  CONDENSATION  0?  SILVER  ATOMS . SPECTRAL 
REFLECTIVITY  FOR  Ca-CsoO,  Os , Ag  (QUARTZ)  MFOHE  (b)  ADD 
AFTER  (b ' ) CONDENSATION  0?  SILVER  ATOMS  (ASAO*S  FIQ.  l6, 
PART  I OF  RE*.  23). 


FIG.  3.  SPECTRAL  TRANSMISSION  AND  REFLECTIVITY  0?  THE  FILM  Cb-Cb.O,  C* 

(QUARTZ)  BEFORE  AND  AFT35  DEPOSITION  07  SILVER  ATOMS.  (ASAD’S  FIO.  2, 

PART  II  OF  REF . 23).  , 

(a)  SPECTRAL  TRANSMISSION  OF  FILM  C«~Cfl20,  Cs  (QUARTZ) 

(b)  SPECTRAL  TRANSMISSION  OF  THE  FILM  Cs-CflpO,  Cs  (QUARTS) 

WITH  CONDENSED  SILVER  ATOMS 

(c)  8PECTRAL  REFLECTIVITY  OF  Ce-CsgO,  C5  (QUARTZ) 

WITH  CONDENSED  SILVER  ATOMS 
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The  reduced  silver  atoms  are  assumed  to  be  present  in 
the  ratio  of  2 Ag/CsoO  molecule.  (This  proportion  ie 
not  accurate  since  tHo  glcw  discharge  oxide  phase 
is  not  solely  Ag2G.  See  Part  I of  this  final  report 
series) . Hov.-ever,  Asao  considers  that  the  reduced 
silver  is  distributed  as  (l)  colloidal  silver  (trains 
and  (2)  atoms  in  the  cesium  oxide,  i.e.  a solid  solution 
or  compound.  Electrical  conductivity  in  the  silver  oxide 
cathode  is  assumed  to  result  from  overlapping  of  silver 
grains . 

The  silver  atoms  deposited  during  the  activation 
are  as-umed  to  (1)  aggregate  with  the  reduced  silver 
particles  and  (2)  diffuse  into  the  intermediate  Ca20 
layer.  This  latter  deduction  is  based  upon  the  observation 
that  evaporation  of  a thin  film  of  silver  on  the  CepO- 
quart*  surface  does  not  chango  the  conduction  to  metallic 
conduction  (i.e.,  the  surface  remains  a semiconductor) 
and  that  evaporation  of  a 2 - 3 atom  laver  of  silver  onto 
the  surfaces  maintained  at  -180°C  results  in  a decrease 
in  sensitivity  but  warming  to  room  temperature  results  in 
an  increase.  The  evaporation  onto  a surface  at  -1$0°G 
presumably  prevents  diffusion  into  the  interior  but  such 
diffusion  occurs  in  the  subsequent  warming  arid  is  accompanied 
by  increased  photosensitivity.  These  observations  are 
certainly  compatible  with  the  idea  that  diffusion  of  silver 
into  GspO  contributes  to  the  increased  Photosensitivity . 

In  view,  hovrever,  of  the  marked  tendency  of  thin  silver 
films  to  aggregate  into  clusters  of  isolated  grains,  with 
the  resulting  film  having  high  resistance,  we  wonder  vmethar 
grain  contact  would  bo  established  in  these  experiments 
even  if  no  diffusion  took  place.  This  question  is  certain- 
ly pertinent  in  view  of  the  recent  work  of  Senna tt  and 
Scott^  which  so  clearly  shows  the  isolation  of  silver 
grains  in  thin  films  on  a forravar  substrate.  In  suite  of 
this  unanswered  question  these  observations  of  Asao  are 
of  great  interest  and  are,  as  stated  earlier,  compatible 
with  the  diffusion  hypothesis. 

The  work  of  Asao  shows  conclusively  that  added  silver 
has  an  important  influence  or,  photoelectric  yield.  Asao 
proposed  that  the  added  silver,  in  some  unexplained  way, 
increased  the  probability  of  ejection  of  photoelectrons 
from  adjacent  cesium  atoms.  Sayama-^  has  considered 
another,  and  more  obvious,  explanation,  i.e.,  that  the 
finely  dispersed  silver  in  the  photocathode  constitutes 
the  source  of  photoelectrons.  Sayama’s  work  is  more  fully 
reviewed  in  Section  1.6.  It  has  been  found  that  the 
evaporation  of  other  metals  than  silver  onto  a photocathode 
also  increased  the  photosensitivity  (see  ref.  22).  The 
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effect  is  not,  therefor-* , r-nocifie.  «o  shall  return 
again  to  the discussion  oL*  the  effect  of  nil\'°r  in  the 
Photocat bode  in  Section  1.6.  It  in  clear  .from  t-he 
proceeding  isurtm^rv  that  Asnofs  work  also  contrilutcs 
somethin?  to  the  understanding  of  the  role  or  Cn;?0  in 
" the  photoo-'ithoda.  This,  is  further  discu«*Fcd  in  Section 
1.5  and  aga in,  briefly,  in  Section  1.6. 


1.43  Effect  of  silver 

Vase  on  oho 60 cathode 

It  has  already  beer  pointed  out  in  Part.  I of 
the  pro •"'nt  re>x>rt.  series  that  the  Oliver  base  has  an 
important  influence  on  infrared  sensitivity  of  a photo- 
cathode.  'The  evaluation  of  this  factor  ir.  an  old  problem 
because  of  the  industrial  importance  of  two  types  of 
ohotocathoden , one  arena red  on  a massive  silver  hase  and 
the  other  on  a semitransparent  silver  film.  Gome  practical 
devices  employed  to  improve  sensitivity  or  ^he  latter 
cathode  have  alresdv  been  mentioned  in  Section  1.2,  and  the 
work  of  Asao  provides  a very  detailed  systematic  study  of 
the  effect-  op  additional  silver  on  photocathode  properties. 
A svstenr  tic  study  of  4 ho  effect  of  the  silver  base  has 
recently  been  made  by  Tforozov  and  Butslov' ^ and  it  seems 
worthwhile  to  hrieflv  describe  the  results. 

In  or-'er  to  study  the  influence  of  silver  filr.. 
thickness  on  photoelectric  response,  tubes  were  pro^r.rcd 
on  an  evaporated  silver  ^ase  of  varyinr  thickness.  After 
oxidation  and  cesium  addition  the  spectral  yield  was 
determined  at  each  of  several  positions  of  different 
thicknes'-es . Trann-*4.  rsi^n  as  a function  of  thickness  was 
also  determined  on  the  original  silver  film.  (In  actual 
fact  the  variable  parameter  used  to  characterize  the  film 
is  the  number  of  micro^ram3  ite)  per  square  centimeter 
rather  than  thickness . ) Five  spectral  yield  f-urver.  are 
given  covering  the  range  from  7 to  14 /Ug/cm  . If  the  void 
volume  wore  zero  this  would  correspond  to  a thickness 
range  from  ?C  to  1!»0A . In  passing  from  the  thin  to  the 
thick  section  the  spectral  yield  undergoes  a marked  change 
in  which  infrared  sensitivity  increases  considerably . 

At  7 lln/cri  the  spec ‘ral  yield,  has  a client  ncom mum  at 
about  /.  5C  rr\fl  '•rav  5l°ncth  while  at  11*  /fcg  'em'-  the  maximum 
is  at  750  mU.  These  data  refer  to  experiments  in  which 
the  ohotocAThore  is  illuminated  on  the  name  side  as  that, 
from  which  electron  e; faction  takes  place.  At  c-renter 
thickness  a r than  that  corresponding  to  II  M g/ccr  no  further 
change  in  snectral  response  vas  found.  r 
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?ron  th'.*  -ata  on  percent  transmission  and  electrical  ! 

conduct ivitv  of  silver  films,  given  by  Morozov  and  Butslov,  j 

it  appears  that  the  region  of  thicknesses  from  7 to  I 

1L  ttg/cnr  is  that  in  which  "grain  morning”  is  taking  piece,  I 

i.e,,  the  region  marking  the  transition  from  a condition 
in  which  very  small  silver  grains  rest,  on  the  substrate 
in  isolation  from  each  other  to  that  condition  in  which  1 

the  grains  merge  to  form  a continuous  film  with  little,  i 

if  any,  void  volume.  (This  transition  has  been  be,  ifully 
illustrated  in  the  recent  work  of  Gannett  and  Scot.  j. 

Thin  in  ''on  firmed  < y the  rnct,  as  pointed  out  by  More  com 
and  ButsT'v^  that  the  film  resistance  drops  from  lCr-^  to 
101  ohms /cm4-  on  passing  through  the  transition  region. 

Although  the  evaporation  time  was  not  given,  it  appears 
from  comparison  of Athe  transmission  data  with  that  of 
Gennett  and  Gcott*°  that  a '’fast"  evaporation  is  indicated 
fcv2  sec) . 

In  the  light  of  our  own  work  on  the  effect  of  silver 
film  thickness  it  seems  •-.•orthw.iiie  to  interpose  a few 
remarks  at  this  point,  concerning  the  above  work.  It  is 
not  particularly  surprising  that  a marked  change  in 
snectral  response  should  accompany  the  "grain  merging" 
process  described  above  merely  on  the  basis  of  establishing 
electrical  contact  between  various  sections  of  the  photo- 
cathode, although  it  is  good  to  have  the  specific  nature 
of  the  change  clearly  illustrated,  Morozov  and  Butslov 
found,  however,  that  further  increase  in  the  film  thickness 
did  not  alter  the  spectral  response.  Results  obtained  in 
the  nrorent  work  show  that  this  is  not  always  the  case.  In 
a series  of  photocathodes  prepared  on  a base  consisting  of 
an  evaporated  silver  film  10,OOOA  thick  a pi onounred  effect 
of  silver  base  was  found.  Either  by  increasing  the  thickness 
to  30, 000 A or  by  reducing  the  evaporation  rate,  a marked 
increase  in  infrared  sensitivity  could  be  brought  a1  out. 

It  is  of  interest  to  note  that  the  spectral  response  obtained 
with  10,CX)QA  films,  evaporated  rapidly,  were  in  mar-/  cases 
rather  similar  to  those  obtained  bv  Morozov  and  Butslov  on 
films  containing  lh^ig/cm2  of  silver.  Spectral  responses 
obtained  on  increasing  the  thickness  to  30, 000 A had  maxima 
at  about  900  ml*  and  the  cathodes  were  in  general  much  more 
sensitive  in  the  infrared.  In  brief,  the  structure  of  the 
silver  base  may  affect  spectral  resporwe  up  to  thicknesses 
as  great,  as  10,000A,  much  beyond  the  thickness  at  which 
silver  "grain  merging"  takes  place.  If,  however,  the 
silver  base  has  been  orooerly  ore oared , * lie  increase  in 
infrared  sensitivity  can  be  brought  about  at  thicknesses 
less  than  iO,OOOA,  although  the  lower  limit  has  not  been 
determined.  These  remarks  do  not  imply  that  the  work  of 
Morozov  and  Butslov  is  in  error;  in  fact,  we  have  performed 
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experiment s similar  to  theirs  with  perhaps  less  care 
and  ob+ained  similar  results,  but.  it  is  evidently  true 
that  two  different  effects  can  occur,  one  related  to 
grain  merging;  which  3et3  in  at  around  100A  and  another, 
whose  cause  is  unknown,  which  operates  at  much  greater 
thicknesses.  The  latter  is  erratic  in  the  sense  that 
it  depends  sensitively  on  film  preparation.  Our  results 
are  discussed  in  Sections  3*51  and  i>.  12  of  this  report. 

A brief  summary  has  been  given  in  Part  I of  the  present 
report  series.  In  that  report  (Part  I)  it  is  also 
shown  that  the  chemical  Products  of  silver  oxidation 
change  abruptly  in  passing;  through  the  region  in  which 
grain  merging  takes  place.  0 This  corresponds  to  the 
region  from  7 to  11  y&g/em"  in  Morozov  and  Butslov*s 
experiments. 

Morozov  and  Butslov  also  studied  the  effect  of  the 
extent  of  oxidation  on  photoelectric  yield.  Cathodes 
precared  bv  oxidation  to  a blue  color  had  higher  infra- 
red  semitivit v than  tho3e  less  oxidised.  The  maximum 
in  spectral  response  shifted  to  shorter  wavelength  with 
decreased  extent  of  oxidation.  Others  have  also  observed 
this  although  the  data  are  less  extensively  reported  (see 
e.g.  Ives  and  Olpin,  ref.  29;  also  rsf.  30).  During  the 
course  of  the  present  research  an  example  has  also  been 
encountered  in  which  markedly  different  spectral  responses 
were  encountered  dn  tubes  oxidized  to  different  degrees. 

(See  Section  3.16  for  an  example.} 

In  describing  tneir  results  Morozov  and  Butslov  gave 
no  detail  concerning  the  method  of  preparation,  and  hence 
we  are  unable  to  compare  closely  their  results  with  our 
own  at  least  net  beyond  the  above  general  comments. 

from  the  discussion  of  Sections  1.11  and  1.12  it  is 
evident  that  the  silver  base  may  affect  photocathode 
properties  .because  the  addition  of  cesium  to  oxidised  silver 
results  in  the  displacement  of  silver  from  the  oxide.  The 
resulting  metal  collects  in  part  as  fairly  large  metal 
grains  and  in  part  as  verv  finely  dispersed  metal  scattered 
through  the  photocat hode . In  Part  I of  this  report  series 
evidence  is  brought  forward  that  the  oxide  produced  on 
oxidation  of  silver  in  a glow  discharge,  is  not  merely  Ag20, 
but  is  a complex  mixture  of  Ag20  with  other  silver  oxides 
containing  more  oxygen  (perhaps  Ag^C^).  The  proportion  of 
Ag?0  compared  to  higher  oxides  is  markedly  dependent  on 
silver  bane  thickness  and,  in  addition,  the  proportions 
may  even  vary  in  the  incomplete  oxination  of  massive  silver 
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samples  (see  Section  U of  this  report.}.  This  constitutes 
a potential  variable  which  may  affect  photosensitivity. 

For  if  the  oxide  were  rrurely  Ag20»  then  on  reduction  with 
cesium  two  silver  atoms  are  produced  for  each  oxygen, 
while  if  the  oxide  were  entirely  Ag'^O^,  then  only  two- 
third?  of  a silver  atom  is  released  for  each  oxvgen  atom. 

For  a Tixed  extent  of  oxidation,  therefore,  the  amount  o* 
finely  dispersed  silver  which  is  released  within  the 
photocathode  will  depend  on  the  coraoound  of  silver  formed 
in  oxidation  and  the  compound  formed  is  known  to  descend  on 
the  condition  of  the  base.  This  constitutes  only- the  most 
obvious  manner  in  which  the  cathode  can  be  affected, 
indirectly,  bv  the  silver  base.  The  subsequent  effect  of 
different  silver  oxides  on  the  reaction  with  cesium  remains 
entirely  unknown. 

Other  base  metals  than  silver  have  been  studied.  In 
an  investigation  by  Kluge2*  the  spectral  sensitivities  were 
reported  for  photocathodes  fabricated  using  copper  and  gold, 
as  well  as  other  metals,  as  the  base.  The  cathode  fabricated 
on  a silver  base  has,  however,  much  the  highest  infrared 
sensitivity.  The  fact  that  the  long  wavelength  maximum  i3 
markedly  dependent  on  the  base  metal  used  shoves  that  this 
maximum  in  not  due  entirely  to  CaqO  and  adsorbed  cesium 
atoms.  The  pronounced  effect  of  base  metal  shows  that  it 
i3  also  involved,  probably  in  the  form  of  finely  divided 
metal  released  on  addin?  cesium  to  the  base  metal  oxide 
and  scattered  through  the  Cs20  layer. 

It  was  also  found  by  Kluge  that  the  substitution  of  a 
roughened  silver  base  for  a specular  reflecting  silver  base 
considerably  increased  infrared  sensitivity'-®.  In  an 
example  given  by  Kluge  the  long  wavelength  maximum  shifted 
from  750  to  575  m^ton  substituting  a rough  silver  base  for 
a specular  base.  This  may  be  connected  with  uniformity  of 
oxidation  (see  Part  I of  this  series)  although  Kluge 
interpreted  it  as  duo  to  an  increase  in  the  number  of 
active  centers  available  for  adsorption  of  cesium  atoms, 
in  line  with  da  8oerfs  theory.  On  this  view  the  increase 
arises,  of  course,  from  the  increased  surface  area  for 
adsorption  brought  about  by  roughening  the  surface.  Since 
such  a process  may  well  change  the  chemical  products  of 
oxidation  we  doubt,  that  the  situation  is  a?  simple  as  this. 


1.5  Role  of  Cesium  Oxide 
in  the  Photocathode 

From  the  results  of  Section  1.4  it  is  evident  that 
finely  '’isoersed  silver  scattered  through  the  nhotccat.hode 
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has  an  important  influence  on  photosensitivity.  This 
is  attributed  by  do  Boer,  to  the  increased  electrical 
conductivity  of  the  CppO  matrix  containing  embedded 
metal  canticles  and  perhaps  raetnl  atoms  dissolved  in 
C«20»  There  remains  now  the  question  as  to  the  function 
of  Cs20  ir«  the  photocathode*  Some  pertinent  oV>aervat  ions 
on  this  point  are  discussed  in  the  present  section. 

It  has  already  been  pointed  out  that  Asao  studied 
the  transmission  and  reflection  coefficients  for  thin 
Cs^O  f ii ns  on  quart*  (see  Fig*  3) • The  observations 
show  that  these  thin  films  are  quite  transparent,  at  long 
wavelengths.  Asao  concludes,  therefore,  that  the  selective 
maximum  in  ohotoe lectric  yield,  for  Ag-O-Cs  photocathodes, 
does  not  arise  as  the  result  of  a selective  adsorption  in 
C82O.  This  matter  has  been  further  studied  in  more  recent 
work  described  below.  It  is  incidentally  of  interest  that, 
the  CapO  films  prepared  by  Asao  had  a faint  yellow  color. 

In  a recent  experiment  Boraiak-*-  has  reinvestigated 
the  transmission  of  cesium-oxygen  films.  In  this  work 
a cesium  film  of  graded  thickness  was  evaporated  onto  e 
glass  base  at  liquid  air  temperature  using  a molecular 
beam  technique.  Cesium  was  then  completely  oxidised  to 
CsOp,  forming  a transparent , colorless  film.  (The  substance 
formed  was  identified  as  C3O2  by  means  of  a separate 
experiment  in  which  the  combining  weights  of  cesium  and 
oxvgan  were  determined  using  a sensitive  spiral  spring 
balance).  When  the  transparent,  film  of  CgOg  was  treated 
with  cesium  at  150  - I60°ft  an  external  photoelectric  effect 
developed  while  the  film  was  still  colorless.  As  the  cesium 
addition  was  continued  the  film  ultimately  became  yellow  and 
the  oho to sensitivity  (external  photoelectrons)  became  greater. 
Borziak  remarks  that  the  color  of  CspO  is  reported  as  red 
on  the  basis  of  chemical  investigation.  Moreover,  he  was 
able  to  obtain  a red  crystalline  material  by  treating  the 
O3O2  film  with  cesium  at  temperatures  above  200°C . The  red 
material  so  obtained  had,  however,  a much  lower  photo- 
sensitivity than  did  the  yellow  film.  Borziak  concluded  that 
the  nhotosensitivitv  of  cesium-oxygen  photocat.hodes  (without 
silver)  is  either  not  due  to  CspO  or  the  reported  color  of 
C32O  is  wrong.  Borziak  did  not  establish  by  analysis  that 
the- yellow  compound,  described  above,  hsd  the  composition  of 
the  compound  CspO*  Nevertheless,  from  the  description  given 
of  the  method  of  preparation,  we  believe  that.  fspO  would 
result . 

Borziak  also  studied  the  transmission  of  the  yellow 
(GapO)  film  described  above.  Only  relative  transmissions 
were  reported  so  the  results  cannot  be  quantitatively 
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compared  with  the  work  of  Asao,  although  the  shape  of  the 
tram-mission  curvts  closely  resembles  that  of  Asao0  Photo- 
currant  as  a function  of  wavelength  was  also  determined 
at  the  s arris  point  as  the  transmission.  A maximum  in 
photoelectric  yield  was  found  at  5&Q  wavelength,  >>ut 
no  selective  maximum  in  absorption  wa?  indicated  at  the 
same  wavelength  in  the  transmission  measurements.  The 
results  indicate,  in  agreement  with  Asao,  no  selective 
maximum  in  absorption  which  could  account  for  the  selective 
maximum  in  photoelectric  current.  The  photoelectric  yield 
as  & function  of  wavelength  obtained  by  Borr.iak  for  CsgO  is 
not  in  very  good  agreement  with  that  of  Asao  since  the 
latter  found  either  no  selective  maximum  or  a very  small  one. 
Since  photoelectric  yield  is  very  sensitive  to  th«  method  of 
preparation  this  i3  perhaps  not  surprising. 

There  is  one  remaining  point  or  some  interest.  Tho 
absence  of  an  absorption  band  in  CspO  is  somewhat  surprising. 
*'«  have  repeatedly  found  that.  Cs20  is  colored  (see  Section 
1*1).  The  typical  pale  orange  color  has  been  reported  by 
others  and  is  observed  not  only  in  polyeryatalline  samples 
but  also  in  the  microscopic  examination  of  single  crystals. 

The  color  varies  with  temperature  (3eo  Section  1,1)  from  a 
faint  yellow  at  liquid  air  temperature  to  red  at  200°C. 

The  source  of  color  is  unknown.  Tho  crystal  structure  of 
Cb20  is  unusual  for  oxida3  of  type  M?0  but  a crystal  structure 
determination  (sac  Fart  III  of  this  series)  has  confirmed  th© 
layer  tyre  anti-CdC^  arrangement.  Moreover,  lattice  energy 
calculations  based  on  the  assumption  that  the  crystal  contains 
Cy  and  0s  ions  leads  to  rather  close  agreement  with  the 
observed  lattice  energy  provided  the  high  polarizability  of 
Cs  is  taken  into  account.  The  crystal  seems,  in  brief,  to  be 
a normal  ionic  crystal  which  has  the  unusual  (for  alkali 
oxides)  iav^r  structure  because  of  the  high  polarizability 
of  Cs:  On  empirical  grounds  wa.  do  not  expect  a color  for 

such  a substance  sines  solutions  containing  C?  are  not 
colored.  We  believe  it  to  to  possible,  ever,  probable,  that 
impurities  are  responsible  for  tho  color,  although  a elearcut 
proof  is  not  available.  If  this  is  true  then  a nonstolchi- 
omatrie  compound  might  be  indicated.  However,  analysis  for 
excess  cesium  in  one  typically  colored  sample  indicated  an 
excess  of  only  one-tentn  atomic  percent.  Although  this 
might  be  sufficient  to  account  for  the  color  it  would 
nevertheless  bo  of  considerable  interest  either  to  orove 
or  disprove  it.  The  point  is  emphasized  here  because  the 
color  of  Cs20  is  temperature  dependent  and  so  is  the  photo- 
electric yield  from  a Ag-O-Cs  photocathode.  Until  this 
point  is  cleared  up,  the  possibility  will  remain  that  the 
color  of  C32O  may  be  connected  with  the  mechanism  of  the 
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photoelectric  offset. . The  parallel  with  F-centers  in  the 
alkali- halide-  is.  certainly*  suggest ive. 

if?  ?+-,-><- po  above,  the  vrork  of  Asao  and  that  of  Borr.iak 
do  not  reveal  any  selective ' maximum  in  adsorption  which 
could  account  for  the  selective  maximum  in  photoelectric 
yield  in  the  Ag-O-Cs  phofcocathode . This  observation  is 
brought  into  mors  accurate  perspective  whan  we  consider 
the  quantum  yield  of  nhotoslectrons  *Yom  a photocathode , 

It  has  been  found  thnt  les^  than  one  percent  of* absorbed 
light  is  effective  in  producing  photoclectrons^.  This 
applies  to  light  in  the  ’wavelength  region  500  to  1000  rnJU 
It  is  suite  cl°ar  that  the  determinations  of  percentage' 
transmission  are  not  accurate  enough  to  detect  an  absorption 
band  contributing  less  than  one  percent  to  a general 
absorption  which  does  n >t  produce  external  ohotoelectrons . 
This  was  clearly  re cognised  V,y  Borci ak . 


Th^  role  of  Capo  3 r.  the  nhotoeathode  is  far  from 
clear.  '.Whether  the  substance  has  a specific , function  in 
the  cathode  has  not  been  established.  In  one  theory  of 
tle  oho  to  cat  ho  do  it  is  ignored  entirely  (ace  Section  3.6), 
whereas  in  the  theory  of  de  Boer  it.  merely  provides  a 
medium  for  the  '■•tronr  adsorption  of  cesium  atoms.  Despite 
the  experimental  work  mentioned  in  Section  1.3,  Borsiak 
has  raised  the  question  of  whether  O32O  in  a cathode 
constituent  and  at  one  ‘-pare  of  our  own  investigation  the 
same  question  arose  in  our  minds.  '•«e  have,  however, 
conclusively  identified  the  substance  in  infrared-sensitive 
photocathodes  (see  Section  l- } and  it  constitutes  the 
predominant  constituent.  It  seems  probable- , however,  that 
impurities  are  essential  in  order  that  ohotoelectrons 
should  be  produced.  Further  comment  on  the  role  of  Cs20 
in  the  photo cat  bode  is  made  in  Section  1.6.  The  matter  is 
considered  again  in  Section  5* 


The  work  of  Kluge27  illustrates  verv  well  the 
differences  between  photoelectric  yield  obtained  wh^n  other 
alkali  metals  (ih,  K Kb)  are  substituted  for  cesium.  The 
cathodes  prepared  usin»  cesium  had  long  1 
in  the  infrared.  In-cider*  ally , Klurez'a 
wave  maxima  disappeared  when 
admitted  to  the  *'hotocathode, 

further  discussed  by  de  Boer22.  The  latter  experiments  have 
been  widely  interpreted  as  supporting  de  Boer’s  the  or'/  which 
attributes  the  long  wave  maxima  to  adsorbed  cesium  atoms. 


wave  maxima  furthest 
found  that  the  long 
small  amounts  of  or-yan  were 
These  experiments  have  been 
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1*6  Optical  Properties 
of  Photocathodes 


In  order  to  fully  convey  the  signif icance  of  the 
optical  investigations  which  have  been  made  on  photo- 
cathodes  it  seams  necessary  to  discuss  briefly  the  sali- 
ent factors  which  contribute  to  photoelectric  yield.  For 
the  purposes  of  this  discussion  it  is  useful  to  consider 
the  contribution  to  photoelectric  current , produced  in  a 
small  volume  element  of  the  photocathode,  es  proportional 
to  the  product  of  four  factors:  (1)  the  energy  density 

of  the  electromagnetic  field  avereged  over  one  cycle,  (2) 
the  probability  of  electronic  excitation  {per  unit  energy 
density)  by  radiation  absorption,  (3)  the  probability  that 
a photoelectron  produced  in  step  "2  will  reach  the  vaeeum- 
cathode  interface  with  enough  energy  to  escape,  and  Ik) 
the  probability  that  the  photoelectron  of  step  3 on  ap- 
proaching the  harrier  at  the  interface  will  escape  into 
the  vacuum,  The  electronic  excitation  probability  of  step 
2 above  is  presumed  to  be  that  for  the  production  of  a po- 
tential external  photoelectron,  i*a.,  one  which  baa  the 
proper  energy  etc.  so  that  it  could  escape  into  the  vacuum 
if  the  factors  {3/  and  (k)  are  favorable , The  theoretical 
expression  of  photoelectric  current' as  a product  of  factors 
ia  no  doubt  too  simple  to  be  rigorously  valid  for  the  over- 
all proe«53„  To  be  more  accurate  the  excitation  probability 
should  be  to  a state  with  momemtum  components  in  n specif  ltd 
range  and  similarly  for  the  other  steps.  The  total  photo- 
current  would  then  be  obtained  as  a multiple  integral  ovsi* 
all  momontuia  components.  In  this  ease  each  elementary 
process  contributes  to  the  photocurrent  to  & degree  ex- 
pressible as  a product  of  factors  and  the  total  current  is 
the  sum  of  *11  such  elementary’  contributions . For  the  quali- 
tative nurposes  which  we  have  in  mind  the  total  current  can 
be  considered  proportional  to  the  product  of  four  terms, 
each  being  an  appropriate  average  over  all  possibilities. 

Before  pasaing  on  to  a diecugsion  of  experimental  re- 
8 villa  we  note  first  the  distinction  between  surface  and 
VwIto'M  photoelectric  effects.  If  the  second  factor-  above, 
excitation  probability,  has  a significant  value  only  In  the 
immediate  vicinity  (a  few  atomic  layers)  of  the  cathode-vacu- 
um interface  then  a surface  photoelectric  effect  prevails. 

If,  on  trie  other  hana,~  the’" excitation  probability  has  a sub- 
stantial nonvanishing  value  throughout  the  internal  volume 
of  the  photocathode,  then  we  are  dealing  with  a y o lurae 
photoelectric  effect-.  It  must  be  emphasized  that  svon  in 
the  case  of  a volume  photoelectric  effect  the  actual  photo- 
sensitive volume  which  contributes  to  the  production  of 
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•srtannal  photoelect non*  may  be  » thin  layer  near  the 
surface.  For  the  third  factor  above  may  limit  tha 
effective  rang®  which  aa  electron  may  traverse  and 
still  escape. 

With  these  explanations  out  of  the  way  we  now 
proceed  to  a discussion  of  the  experimental  work. 

All  of  the  effect  of  light  interference  is  concen- 
trated in  the  first  factor  above,  l.e.  the  electro- 
magnetic field  energy  density.  This  factor  (the 
optical  factor)  is  also  sensitive  to  the  angle  of 
incidence  of  the  incident  light  and  to  its  state  of 
polarisation.  This  fact  has  been  used  with  great 
effectiveness  by  H.B,  Ivea  and  collaborators  in  the 
study  of  composite  photocathodes.  The  photocathodes 
studied  most  extensively  were  those  in  which  a' thin 
layer  of  an  alkali  metal  was  deposited  on  u b^se  metal 
(silver  or  platinum).  As  the  result  of  this  study  it 
is  established  that  photoelectrons  come,  in  all  casee, 
from  a thin  layer  near  the  cathode  vacuum  interface. 

By  "thin"  is  meant,  a layer  whose  thickness  is  small  in 
comparison  to  tha  wavelength  of  light.  The  layer  might 
well  have  a thickness  much  larger  than  a molecular  layer 
end  still  be  small  compared  to  the  wavelength  of  light. 
Specifia  instances  ar©  given  in  a paper  by  Ives  and 
Briggs26.  References  to  earlier  work,  in  which  important 
results  ar©  obtained,  are  also  given  in  thi3  paper.  For 
our  purposes  the  method  used  is  the  important  consider*, 
ation.  The  field  energy  changee  with  angle  in  a highly 
characteristic  way  which  tends  usually  to  overshadow  the 
slow  change  of  tha  remaining  factors.  If,  therefore, 
the  photo current  in  measured  as  a function  of  angle  and 
compared  with  Lhfc  energy  density  at  the  surface  computed 
from  known  optical  constants,  then  at  a given  wavelength, 
a very  cleat*  parallel  between  the  dependence  of  these 
two  quantities  {photocurrent  and  energy  density)  can 
frequently  be  found.  For  example,  the  hypothesis  of  a 
thin  photo semitiv©  layer  was  established  by  comparing 
the  trend  with  angle  of  energy  densitv  and  photocurrent 
.for  a composite  cathode  using  light  polarised  parallel 
to  the  plane  of  incidence  in  one  series  of  experiments 
and  perpendicular  to  the  plane  of  incidence  in  another. 

In  order  to  obtain  energy  densities  which  parallel 
photocurrent  with  apuroximately  the  correct  r&tio  (for 
rarallel  and  perpendicular  polarisation)  it  is  necessary 
to  compute  the  an  erg*/  density  just  above  the  base  metal 
(and  hence  within  the  alkali  metal  film).  Vary  poor 
agreement  is  obtained  when  the  total  energy  density, 
throughout  the  depth  of  light  penetration,  is  computed. 
The  success  achieved  by  this  attack  has  led  to  its 


application  to  Ag-O-Cs  photocathodee . 

It  wrs  proposed  by  d#  Boer  and  Teves  (see  ref.  22) 
that  the  source  of  photoelectrono  in  the  Ag-O-Cs  cathode 
is  cesiuiaatoms  adsorbed  on  the  surface  of  C02Q.  This 
suggests,  as  an  approximation.  that  the  system  be  con- 
sidered as  consisting  of  a thin  layer  of  sensitive  ma- 
terial separated  from  the  base  metal  by  a dielectric 
layer.  Ives  and  Olpin^  performed  experiments  designed 
to  test  this  model.  Calculations  were  first  made  of 
the  energy  donsity  just  above  tho  dielectric  layer 
since  this  was  the  presumed  position  of  the  photosensitive 
layer.  Energy  density  was  computed,  at  each  of  several 
wavelengths,  as  a function  of  angle  and  thickness  of 
dielectric  layer  for  light  polarized,  respectively, 

Parallel  and  perpendicular  to  the  plane  of  incidence. 

alculations  were  performed  using  optical  constants  for 
quartz  (the  dielectric  layer)  and  those  of  silver  and 
platinum  respectively  for  the  metal  base.  The  Inter* 
ference  patterns  obtained  in  this  way  are  very  compli- 
cated. There'  ia,  in  addition,  a marked  difference  between 
* the  patterns  calculated  for  a thick  dielectric  layer  and 
those  computed  for  a layer  of  zero  thickness.  It  seemed 
reasonable  to  suprtose,  therefore,  that  the  character!  tic 
changes  in  interference  partem  with  angle  of  Incidence 
could  be  recognized  in  the  experimentally  determined 
photocurrents ♦ 

Experiments  ware  then  performed,  by  Ives  and  Olpin, 
on  phctoeai.hodes  in  which  photoelectric  yield  was  measured 
as  a function  cf  angle  of  incidence  for  noth  perpendicular 
and  parallel  polarized  .light  at  a number  of  wavelengths. 

If  the  tsickneas  of  dielectric  layer  is  properly  selected 
then  the  variation  in  energy  density , calculated  for  quarts 
on  platinum,  does  Indeed  show  a trend  with  angle  (at 
constant  wavelength)  which  is  very  closely  similar  to  that 
found  >y  experiment  for  the  photocurrent.  The  calculated 
curves  of  energy  density  vs,,  angle  for  parallel  and  perpen- 
dicular polarized  light  cross  each  other  in  a highly 
complicated  way  and  the  same-  behavior  is  also  observed  for 
the  photocurrents.  Moreover,  the  whole  character  of  the 
angular  trend  undergoes  a change  when  the  thickness  of  the 
layer  is  reduced.  Photocathodes  having  thin  layers  weie 
also  prepared  by  reducing  the  extent  of  silver  oxidation 
and  again  the  trend  in  photocurrent  paralleled  the  calcu- 
lated trend  of  energy  density.  The  agreement  is  impressive. 
On  the  other  hand,  this  close  parallel  is  not.  found  between 
photoeurrent  and  energy  density  when  wavelength,  rather 
than  angle,  is  the  variable.  Hence  the  spectral  re soon 3 e 
is  not  determined  by  interference  of  light,  although  this 
factor  no  doubt  has  an  influence.  Instead,  the  electronic 
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excitation  probability,  factor  2 of  the  first  paragraph, 
is  apparently  3trongly  dependent  on  wavelength.  In 
particular,  the  maximum  in  spectral  response  is  not  due 
to  an  interference  phenomenon  but  to  factor  2 (and  h) 
discussed  above.  Although  the  optical  constants  used 
by  Ives  and  Olpin  are  now  known  to  be  far  from  accurate, 
nevertheless  this  conclusion  seems  to  be  verified  in 
subsequent  work. 

In  all  of  the  calculations  the  photocathodes  used 
were  assumed  to  be  specular  reflectors.  In  order  to 
achieve  this  the  photocathodes  wore  prepared  on  specular 
silver  basso.  The  cathodes  ’vere  tested,  by  observing 
interference  fringes  both  after  oxidation  and  after  cesium 
addition,  in  order  to  verify  that  at  least  an  approximation 
to  specular  reflection  was  obtained. 

Ives  and  Olpin  conclude  that  their  experiments  provide 
clear  evidence  that,  photo  electrons  originate  in  a thin 
layer  raised,  above  the  metal  base  and  separated  from  it  by 
a thin  layer,  presumably  dielectric.  Thev  also  point  out 
that  the  thin  active  layer  is  not  necessarily  a monolayer. 

It  is  only  necessary  that  thickness  be  smaller  than  the 
wavelength  of  light.  It  was  in  fact,  pointed  out  that  a 
considerable  thickness  of  CsjO  layer  is  necessary  in  order 
to  obtain  a high  photoelectric  yield.  This  fact  seems  to 
point  toward  a layer  of  substantial  thickness.  The 
’’dielectric"  layer  is,  in  fact,  C S2O  containing  colloidal 
metal  particles,  and  perhaps  other  impurities,  and  the 
photosensitive  lever  may  be  a slice  of  this  sane  "dielectric" 
situated  adjacent  to  the  cathode-vacuum  interface.  None 
of  this  has.  however,  any  effect  on  the  Ives  and  Olpin 
hypothesis  that  the  electromagnetic  field  which  Is  effective 
in  producing  nhotoslectrons  is  the  field  in  a thin  layer 
near  the  cathode  surface.  In  fact,  subsequent  work  supports 
this  hypothesis.  The  assumption  of  a nonabsorbing  dielectric 
laver  is  nor.  however,  supported  by  subsequent-  work. 

The  most  obvious  weakness  of  the  Ives  and  Oloin  theory 
lies  in  the  very  rough  approximations  to  optical  constants. 
Their  work  serves  chiefly  to  show  that  by  properly  selecting 
optical  constant  s the  observed  trends  with  angle  can  be 
accounted  for.  They  did  not  show,  however,  that  those 
constants  conform  to  the  optical  constants  of  the  actual 
cathode  material.  This  matter  has  been  further  studied  in 
recent  work  which  is  considered  later. 

An  interesting  and  definitive  research,  using  Polarized 
light,  has  been  reported  by  Kluge In  this  work,  photo- 


cathodes  were  prepared  on  bases  consisting  cf  specular 
reflecting  silver  mirrors  prepared  by  evaporating  silver 
on  glaa~.  Results  are  reported  for  two  silver-oxygen- 
cesium  photocathodes,  one  containing  a Cs20  layer  50  aAfc 
thick  and  another  20  cm,  thick.  The  spectral  yield  rurve 
for  the  former  has  a maximum  at  600  vip*  (high  infrared 
sensitivity)  while  the  latter  has  no  maximum  at  this 
Wavelength  (low  infrared  sensitivity).  The  photocathodes 
were  tested  for  specular  reflection  by  replacing  the 
light  detector  by  a photographic  plate  and  comparing  the 
image  of  the  monochromator  exit  slit  with  the  inage 
obtained  in  the  same  way  but  with  i he  cathode  replaced  by 
an  unoxidized  silver  mirror.  The  results  clearly  show 
that,  diffusely  scattered  light  is  negligible  (see  Figs. 

J+a  and  Lb  of  Kluge's  paper),  since  the  slit  images  are 
as  clear  and  sharp  on  reflection  from  a cathode  as  from 
a silver  mirror.  With  an  angle  of  incidence  of  55°, 
for  light  on  the  photocathorie , spectral  yield  curves  are 
obtained  in  three  cases,  (a)  unpolarized  light,  (h)  light 
polarized  with  electric  vector  parallel  to  the  plane  of 
incidence,  and  (c)  light  polarized  with  electric  vector 
perpendicular  to  the  plane  of  incidence.  For  the  50  nyt 
thick  photocathodes  the  selective  maximum  at  800  tn/uwas 
oh+ainca  in  all  three  cases  while  for  the  thin  (20  nyu* 
cathode  the  selective  maximum  was  absent,  in  all  three 
cases.  Moreover,  since  tho  cathodes  were  specular 
reflectors,  measurement  of  the  intensity  of  reflected 
light  provides  a direct  measurement  of  light  absorbed  by 
the  ohotocatheda.  The  percentage  of  incident  light  w:ich 
is  reflected  ia  given  under  each  of  the  above  experimental 
conditions.  For  tho  thick  ( 50  cathode  95#  of  the 
incident  light  is  absorbed  at  60(3  ny*  wavelength  and  80# 
is  absorbed  at  800  nii.  At  1200  nu£  only  10#  is  absorbed. 

In  the  name  wavelength  range  ( 50u  - 1200  ra/c)  a silver 
mirror  absorbs  only  about  5#  of  the  incident  light. 

These  figures  apply  to  unoolarized  light.  It  is  found 
rov  tba  thick  cathode  (50  , which  exhibits  a typical 

selective  maximum  at  800  sy*,,  that  the  light  absorption 
does  not  oarcllel  the  p.hotocurrent . This  applies  whether 
the  light  ia  polarized  or  unnoTarized.  Moreover,  the 
spectral  yield  at  th«„ selective  maximum  (800  is 

approximately  2.2xlC~J>  coulorab3 /calorie  of  incident 
radiation  (unpolarized).  Hence  0.81x10'"^  external  photo- 
electrons  are  produced  per  quantum  (800  nsyU.*)  of  incident 
light  and.  since  80#  of  the  light  is  absorbed,  1x10“^ 
electrons  are  produced  per  quantum  absorbed.  This 
establishes  that  one  quantum  per  thousand  absorbed  is 
effective  in  ejecting  a oho to elec iron  from  the  photocithode . 
In  view  of  this  fact  it  is  hardly  surprising  that  no 
selective  maximum  in  absorption  ran  be  found  wnich  parallels 
the  maximum  in  ohotocurrent , For  a photoelectricaily  active 
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absorption  auperiraoosed  on  a general  absorption  a 
thousand  tvses  greater  would  not  be  detected  in  these 
experiment* , 

In  order  to  orient  ourselves  it  is  useful  to 
compare  the  layer  thickness  of  Kluge1 s cathodes  with 
layer  thicknesses  for  Tyoical  cathodes.  A massive 
cathode,  prepared  by  oxidizing  silver  to  the  second 
order  yellow  color,  contains  A. 6x10**?  gram  atoms 
oxygen  per  square  centimeter.  A typical  semitransparent 
photocathode  contains  1x10"'  gram  atoms  of  oxygen  per 
square  centimeter.  Assuming  that  all  oxygen  ultimately 
ends  in  CS2O  and  using  the  volume  per  molecule  for  O32O 
(93.7  cubic  Angstroms)  we  find  for  the  thicknesses  270  rryK* 
and  59  respectively  in  the  above  two  cases.  The  thick 
cathode  Used  by  Kluge  has  a CS2O  layer  whose  thickness  is 
comparable  with  that  for  a somitransparent  cathode. 

Kluge’s  cathode  was,  of  course,  not  semitransparent, 
because  a thick  silver  base  was  U3ed.  The  thin  cathode 
is  much  thinner  than  that  normally  used  in  a semltraneparent 
commercial  cathode.  His  success  in  obtaining  specular 
reflecting  cathodes  was  due,  as  he  stated,  to  the  fact  that 
a thin  Cs20  layer  was  used.  The  thickness  being  about  one- 
tenth  the  wavelength  of  light,  large  particles  could  not 
develop  and  hence  scattering  is  at  a minimum.  Specular 
reflection  occurs  because  the  base  is  specular.  ’At  the  same 
time  the  cathodes  do  not.  have  maximum  infrared  sensitivity. 
For  Kluge- has  reported  that  replacement,  of  the  specular 
base  by  a roughened  base  leads  to  a long  wave  maximum  at 
. longer  wavelengths,  and  to  higher  sensitivity. 

One  fact  arising  from  Kluge’s  work  is  of  some  interest. 
It  is  obvious  that  the  cathode  absorbs  strongly.  -Hence 
the  Ives  and  Olpin  assumption  of  optical  constants  for 
quartz  is  inaccurate  since  quartz  does  not  absorb  strongly 
in  the  infrared.  The  thin  C20  cathode  absorbed 

of  the  incident  radiation  at  300' wavelength.  It  is 
obvious  from  these  figures  that  a thick  film  such  as  that 
encountered  in  massive  cathode,-?  will  absorb  the  incident 
radiation  almost  completely  before  it  penetrates  to  the 
banc  metal-- » 

Klu^e  found  that  parallel  polarized  light,  gives 
higher  photoelectric  yield  than  does  oernendicular 
polarized  light  at  wavelengths  greater  than  500  mi^for 
both  the  thin  ar.c  thick  cathodes.  The  ratio  is  roughly 
two  to  one.  In  addition,  the  results  of  two  runs  are 
given  in  which  the  angle  of  incidence  is  varied.  Here 
again  the  ohotoe) ectric  yields  are  in  the  same  order  and 
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the  ratio  has  a maximum  of  about  2 to  1 at  55° » These 
results  have  been  interpreted  by  de  Boer  (ref.  22)  as 
favoring  his  theory  which  attribites  the  production  of 
photoelectrons  to  photo ionization  of  adsorbed  cesium 
atoms.  This  apparently  assumes,  however,  that  ionization 
probability  is  strongly  dependent  on  the  direction  of  the 
electric  vector*  It  seems  much  more  likely,  however, 
that  the  differences  between  phqfcoelectrl"  riold  observad 
by  Kluge,  using  parallel  and  penoenriicul.  -olarized  light, 
are  due  largely  to  the  fact  that  energy  densities  for 
parallel  and  perpendicular  polarized  light  are  different 
at  50  nu*  above  the  base  metal  because  of  interference. 

This  agrees  well  with  figures  given  in  Ives  and  Olpin's 
paper  and  with  earlier  calculations  by  Ives  of  the  energy 
densities  ju3t  above  a metal  surface.  Ives  and  Olpin  point 
out  that  a photoelectric  absorption  seems  indicated  which 
is  not  strongly  dependent  on  the  plane  of  polarization  of 
incident  light  (factor  2 of  the  first  paragraph  of  this 
Section).  This  seems  quite  reasonable  and,  in  our  opinion, 
can  be  more  readily  understood  if  a volume  photoelectric 
effect  is  involved. 

From  the  above  work  of  Kluge  it  in  evident  that  only 
a small  fraction  of  the  absorbed  radiation  is  effective 
in  producing  photcelectrons.  Ws  now  pass  on  to  the  con- 
sideration of  3Oir<0  theoretical  and  experimental  work  in 
which  attempts  are  made  to  locate  the  absorption  which  is 
responsible  for  photoelectroti  production. 

Sayama^I  has  developed  a theory  of  photoelectric  e- 
mission  which  is  essentially  an  extension  of  that  of  Ives. 

The  theory  is,  however,  developed  for  a semitransparent 
rather  than  a massive  cathode  and  the  cathode  is  assumed 
to  be  homogeneous.  This  theory  is  based  on  As&ofB  obser- 
vation that  tho  reflection  and  transmission  coefficients 
for  a CspO  film  with  added,  evaporated,  silver  are  very 
similar  to  those  for  a pure  silver  film  of  comparable 
thickness.  Say  area  has  therefore  performed  calculations  in 
which  the  optical  constants  of  the  photocathode  are  re- 
placed by  those  of  thin  silver  fil  ms , x . ft . - the  contribution 
of  CsjO  is  neglected  entirely.  The  work  function  is  assumed 
to  be  lowered,  in  some  manner,  to  that,  observed  for  the  actu- 
al photocathode.  A volume  photoelectric  effect  is  assumed 
with  the  photoelectrons  originating  in  silver.  The  photo- 
electric yield  i3  then  proportional  to  the  radiation  ab- 
sorption oer  unit  field  energy  multiplied  by  the  energy 
density  of  the  electromagnetic  field  in  a layer,  near  the 
surface,  thin  enough  for  the  electrons  to  escape.  Computa- 
tions were  made  of  photoelectric  yield  vs.  wavelength  for 
several  sets  of  optical  constants  appropriate  to  various 
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silver  £'ilm  thicknesses.  If  t.he  optical  constants  of 
bulk  silver  arc  used  then  the  calculated  yield  has  no 
maximum  at  any  wavelength.  If,  however,  the  optical 
constants  for  a thin  film  are  used,  then  a selective 
maximum  is  found,  "‘he  maximum  ;'■?»?  not  com  at  unite 
the  proper  v/aveler.jtth,  but  in  view  of  the  very  rowyh 
approximations  involved  this  is  hardly  surprising. 

The  ••.'hole  theory  is  rou~h  but.  it  coco  illustrat  ' one 
important  point.  The  selective  maximum  in  photoelectric 
yield  is  a Rain  not  due  to  the  very  complicated  inter- 
ference of  lirht,  which  appears  in  the  energy  density 
tom,  but  is  due  to  rrv’is* ion  absorption  by  the  silver 
particles,  I 

It  is  a well  known  fact,  that  selective  absorption 
occurs  in  thin  silver  films  because  t*  e film  consists  of 
small  •~>'irticlos . This  if  conclusively  ch o’-m  hv  the  work 
of  Sennett  and  Scott.^”  who  measured  the  absorpt.ion 
coef ficient s fo-'*  silver  films  and,  at  the  su''e  tire, 
determined  the  particle  sizes  in  +he  films  by  means  cf 
.an  electron  microscopic  invest- i nation.  This  * *ork  shows 
th^t  absorption  is  a maximum  at  sises  just  ^elow  «-hnt 
at  which  Brain  contact  is  established.  Talc  in  •*  this  into 
account  we  can  then  interpret  Sayama’s  theory  in  slightly 
more  realistic  terms.  The  theory  proposes  essentially 
that  rhotoelectrons  are  produced  in  colloidal  silver 
particles  embedded  in  a layer  of  G32O.  It  must  be 
emphasize'*  that  *he  present,  paragraph  constitutes  our  own 
interpretation  or  the  si.rmifirancc  of  Say  am  a’ s theory  and 
is  not  a quotation  from  the  author. 

It  was  pointed  out  earlier,  in  discussing  Asao’s 
work,  that.  C82O  films  are  transparent  in  the  infrared, 
and  h°nce  Asno  concluded  that,  selective  absorption  in 
C snG  was  not  responsible  for  the  selective  maximum  in 
photoelectric  yield.  Excess  silver,  according  to  Asao, 
is  essential.  The  theory  of  Sayama  puts  these  ideas  into 
semiemantitative  form.  The  theory  has  obvious  weaknesses, 
but  also  undeniable  merit.  In  the  first  niece  it  focusses 
attention  on  the  fact  th-^t  imnurit ies  play  an  important 
role.  *ve  are  not  dealing  with  pure,  perfectly  ordered  CspO 
crystals.  Second,  it  suggest s that,  oth^r  metals  finely 
dispersed  in  CsgO  may  also  play  a role,  as  is  observed  to 
be  the  enr-e  {see  ~ef . 2.2) . The  birrest.  weaknesses  ere: 

(a)  the  reason  why  Gs20  is  essential  is  not  indicated,  (b) 
the  assumptions _ concerning  optical  constants  are  too  ap- 
proximate, and  (c)  the  reasons  for  a low  vrork  function  are 
not  yiven . 

•Ve  note  finally  that  Sayama  assumes  a volume  photo- 
electric effect.  Savama  save  no  justification  for  thi3 
hypothesis,  V/«*  have  already  pointed  out,  however,  that  the 
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ehhervat  i one  o f Ives  and  Cirin  seem  to  us  •♦•o  support 
t'iir  view  although,  of  course,  th*1  -interpretation  in 
ijirtly  sunlit at  ive. 

pSorae  inter?  stir.0'  exoeri  a^nt  r , whSrh  be  or  on  the 
above  vK'r-5,,  have  recently  been  done  by  3o.r?,iak  and 
dnr*uUGy'v  and  bv  forriak^.  Those  investigators  have 
at tsmot-ed  t0  determine  the  refraction  and  absorption 
indices,  for  sensit. rnnooarent  cathodes,  as  functions  of 
the ’wavelength.  Moreover,  the  nhotoelecl ri c emits ion 
hnr  Veen  correlated  with  reflection  ar.d  transmission 
coefficient  n of  thin  films  by  Jieans  of  direct  observat  ion. 

Borsiak  ana  i-inrnulis  studied  interference  patterns 
in  a thin  wedro-shaosd  .nhotccathode.  ••  The  cathode  was 
nren-red  'v  eva  no  ratine  a thin  silver  film  of  traded 
thicknos  af  o a class  substrate  bounded  by  two  parallel 
platinum  contact  strips  which  were  also  covered  '■■v  the 
evaporate'’  '’lira.  The  substrate  wan  maintained  at  liauid 
air  tc-.i as r >4  are . This  "ilm  was  then  made  the  cathode  in 
o Flow  disc  vi rye  through  oxv?ren.  Ac  the  film  warmed  up 
toe  oxidation  proceeded  slowly  until  a colorless  film 
ahawin/r  a clear  interference  pattern  was  obtained.  The 
reflection  coefficient  fo«-  the  ox.idi tod  file  was  then 
dot ;ev'"' ..- ned . Cesium  wan  then  added  to  produce  a ohoto- 
cat'iode.  The  reflection  coefficient  as  a function  of 
position  alone  too  wed  ard  tee  photoelectric  current 
were  sinul ta”eouslv  determined  usiny  monochromatic  liyht. 
Direct  illumination  was  used  in  the  first  experiment 
(i.e.  illumination  from  the  vacuum  side  of  the  cathode). 

In  the  thick  sections  of  the  film  the  direct  photocurrent 
is  found  to  be  a periodic  function  of  the  thickness  and 
is  opposite  in  phase  to  the  reflection  coefficient.  This 
nears,  according  to  3or 7-ink  and  PSaryulis,  that  the  electro- 
magnetic field  near  the  electron  emitting  surface  is  that 
responsible  '"or  production  of  Photoelectric  current ..  This 
ayree3  wits  * he  conclusion  of  Ives  and  Olnin.  In  the  thin 
sections  of  t.ha  films  a share  maximum  in  rko  to  current  is 
final Iv  reached  and  bevond,  i.e.  toward  thinner  sections, 
the  photocur •'ent  falls  rcoidlv  to  zero.  Borxiak  •••nd 
Kcr^ulis  point  out  that  the  maximum  occurs  at  the  point, 
wnere  the  thickness  of  the  active  layer,  i.e.,  the  laver 
from  which  oho  to  e La  c t ron  s can  escape,  becomes  comparable 
with  the  film  thickness.  This  interpretation  is  confirmed 
bv  further  :.nves fixation  of  4 he  reverse  photccurrent  and 
the  trannmd  ssion  of  the  film.  It,  is  important  to  note 
that  4 he  gharo  maximum  in  the  thin  rilm  sections  is  not  an 
interference  maximum  beyond  which  the  enerw  den**itv ' of 
the' lectromnyret ic  field  roes  dovrn . The  situation  is  the 
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reverse.  The  field  energy  rises  steadily  as  the 
thickness  decreases , he^cc  the  only  expla^st  an  is 
that  t volume  of  the  active  layer  is  decreasing. 
Thin  assumes,  of  course,  that  the  vmdrte  is  homo- 
geneous, a questionable  point. 

The  thicknesses  (dm)  at  the  maximum,  w'i ch  are 
rourh  measures  of  the  thickness  of  the  active  layer, 
are  given  at.  various  wave  lor.  yt.hn  in  the  following 
table. 

1,20 
500 
600 
700 
£00 
900 
1000 
1100 


dm.  m Uu> 

U 5 
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55 

62 

67 

62 

£6 
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These  figures  indicate  a volume  photoelectric  effect, 
since  dm  in  in  all  cases  much  larger  than  atomic 
dimensions . 

In  a later  oarer  faorviak^  continues  the  above 
investigation  bv  determining  the  refractive  index, 


n, 


q.nd 


rnticn  index,  !< , li.e.  the  real  and 


imaginary  parts  of  tie  so-called  "comnlex  refractive 
index"  )*  Th°se  values  for  the  snmi  transparent  photo- 
cathode ar r riven  in  the  following  table. 
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From  these  constants  Borsiak  concludes  that  the  course  of 
the  oho to -l ectric-  yield  as  a function  of  wavelength  does 
not  parallel  the  total  light  afcr.orntion  within  the  film. 
Since  the  quantum  vield  is  low  (about  0.1$)  he  concludes 
that  only  a small  proportion  of  the  li^ct  absorption  is 
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effective  In  the  production  of  photoelect rone.  Aa  has 
been  previously  pointed  out  in  Section  1.1*3 > Borziak  also 
studied  wedges'  of  CS2O  on  glass  without  silver.  In  this 
case  also  the  absorption  of  light  by  the  film  did  not 
parallel  the  photoelectric  current  as  a function  of  wave- 
length. The  situation  can  best  be  summarized  in  the 
words  of  the  author  (in  translation),  "From  this  (the 
above)  it  follows  that  the  basic  optical  absorption, 
determined  by  optical  constants,  is  not  photoelectric  in 
the  given  eases.  On  it  is  imposed  a photoelectric  ab- 
sorption, indirectly  shown  through  the  photoeffect,  which 
is  considerably  smaller  in  intensity.  Consequently  the 
concentration  of  centers,  photoelectrieally  absorbing 
light,  which  are  probably  of  an  admixture  nature,  are 
small,  while  for  the  oxygen-cesium  photoeathodes  (without 
silver)  the  photoelectric  absorption  at  the  spectral 
maximum  is  the  natural  absorption  of  the  basic  substance 
of  the  film”.  The  similarity  to  the  work  of  Kluge  is 
evident. 


The  implication  that  impurities  constitute  the  source 
of  photoeloctrle  absorption  in  silver-oxygen-cesium  photo- 
cathodes ie  certainly  plausible  and  agrees  with  much  indi- 
rect evidence.  The  implication  that  photoelectric  ab- 
sorption in  Cs^O  in  an  intrinsic  property  of  t.he  perfectly 
pure  and  well-ordered  solid  seems  to  us  to  be  far  from 
proven . 

Because  the  spectral  sensitivities  of  C30O  films  are 
so  different  from  those  of  silver-oxygen-cesiura  cathodes, 
Borziak  states  that  it  cannot  be  accepted,  without  direct 
proof,  that  the  cesium  oxides  are  the  same  in  the  two 
types  of  cathodes.  (In  Section  1 of  the  present  report  an 
unambiguous  proof  is  given  that  a silver-oxygen-cesium 
photocathode  contains  Cs2^  as  the  major  constituent.) 

In  view  of  the  work  of  Borsiak  and  Margulis  it  seems 
obvious  that  the  theory  of  Sayama  needs  revision.  The 
optical  constants  for  semitransparent  cathodes  are  not 
the  same  as  for  silver.  Nevertheless  it  is  possible  that 
Sayama’1  s proposal  that  colloidal  silver  grains  constitute 
a source  of  nhctoelectrons  may  be  correct.  Isolated 
silver  atoms  distributed  through  the  lattice  might  consti- 
tute another  such  source,  and  other  imourities  or  electrons 
trapped  at  lattice  defects  may  constitute  still  another. 

The  precise  source  is  still  unknown.  Some  reasonable 
explanation  of  the  low  work  function  is  still  renu3.red. 
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The  optical  constants  of  the  se;nitr-',rso3rent.  rho^o- 
cathode  are  far  from  those  of  quarts  and  hence  the 
assumption  of  Ives  and  Clr  in  is,  in  this  respect,  wren?. 

In  view,  however,  of  the  fact  that  the  thickness  used  in 
calculation  was  adjusted  to  provide  the  best  agreement 
with  experiment. , it  seems  possible  that  this  factor  is 
not  of  decisive  importance.  The  principal  conclusions 
of  Ives  and  Olpin  are,  in  fact,  rather  well  substantiated 
despite  the  rou?r.  apnroximat  ions  involved. 

From  the  above  work  the  following:  conclusions  are 
reached • 

1.  Thin  film  Dhotocathodes  of  rraded  thickness  can 
be  prepared  which  behave  like  homogeneous  films 
with  respect  to  the  reflection  and  transmission 
of  lipht. 

2.  The  electromagnetic  field  in  a thin  layer  at 
the  cathode  surface  is  responsible  for  the 
•'reduction  of  photoelectrons. 

3.  The  thickness  of  the  laver  from  which  photo- 
electrons  are  produced  is  roup-hly  9$  of  the  wave- 
length of  the  illuminating  radiation. 

1.  The  radiation  absorption  which  is  responsible  tor 
photoelectron  oroduction  is  such  a small  oronort.ion 
of  the  total  radiation  absorption  that  it  is  not 
clearly  marked  in  transmission  curves  determined 
for  semitransparent  cathodes. 

5.  The  photoelectric  yield  from  Cs^O  films  has  a 

soeetral  sensitivity  quite  different  from  that  of 
semitransparent  photocathodes  and  h^rice  silver  is 
involved  in  the  process  of  photoelectron  production. 
Tne  silver  referred  to  is  that  which  is  finely 
dispersed  through  the  photocathode.  Other  imnuri- 
ties,  including  cesium,  may  also  be  involved.  The 
experiments  do  not  establish  that  silver  is  tne 
source  of  photoelectrons  but  it  affects  the  process 
in  some  way. 


It  is  difficult  to  appraise  critically  the  above  work. 
Several  quart  ions  do  arise,  however,  which  it  seems  worth- 
while to  mention.  The  first  of  these  concerns  the  thickness 
dm,  below  which  the  photoelectric  yield  begins  to  fall . The 
evident  assumption  is  made  by  Borziak  and  Mar?rlis  that  the 
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film  remains  horoopeneous  below  this  thickness.  Is  it 
established  *hat  the  decline  in  yield  is  not  due  to 
the  same  cause  aa  that  discussed  bv  Morozov  and 
Butslov,  i.e.  particle  isolation  at  small  thicknesses? 

Data  on  silver  film  thickness  are  not.  piven  by  Borziak 
and  Margulie.  However,  soactral  sensitivities  of 
cathodes  62  mXo thick  were  measured  and  were  found  to 
be  normal  (i.e.  normal  in  their  work.  Cathodes  with 
the  lone  wave  maximum  further  in  the  infrared  can  be, 
and  commonly  are,  prepared.  These  cathodes  are  not, 
however,  soecular  reflectors.).  Since  the  silver  films 
were  deposited  at  liquid  air  temperature,  good  electrical 
contact  is  to  be  exoected  even  in  the  thinnest  sections. 

The  subsequent  oxidation  apparently  took  place  at.  temper- 
atures below  room  temperature  and  this  may  result  in  a 
homogeneous  film.  Cesium  addition  was  conducted  in  the 
"usual"  wav  which  presumably  means  that  the  film  was 
heated.  This  ie  a step  which  is  likely  to  cause  the 
thinnest  film  sections  to  break  up  into  isolated  grains. 

Due  to  the  nrevious  treatment,  at  low  temperature  this 
might,  however,  be  less  significant  than  in  a normal 
preparation.  On  the  whole  it  seems  possible  that,  the 
rather  unusual  method  of  preparation  might  result  in 
homogeneous  films  down  to  lower  thicknesses  than  in  the 
experiments  of  Morozov  and  Butslov.  It  would  be  more 
convincing,  however,  if  the  method  of  preparing  the 
cathode  had  been  discussed  in  more  detail  and  this  point 
made  specifically  clear. 

In  conclusion  one  other  comment  on  the  work  of 
Borziak  and  Margulis  seems  of  interest.  It  is  essential 
that  the  wadge~3hapea  nhotocathod.es  should  be  snecular 
reflectors.  The -only  oroof  which  they  offer  is  that  the 
theory  fits  the  observations  although  the  fit  is  not 
perfect.  They  say  that,  the  particle  size  must  be  small 
in  comnarisori  with  the  wavelength  of  light.  At  one  stage 
in  our  own  investigation  we  also  considered  the  use  of 
wedge  photocathodes  and  a few  were  orepared.  The  oxidized 
wedges  described  in  Part  I were  prepared  as  a preliminary 
to  a more  systematic  study.  We  were  discouraged  from 
making  an  optical  study,  however,  for  the  following  reasons. 

A silver  wedge  was  oxidized  in  ozone  at  room  temperature, 
and  on  removal  from  the  ozone  atmosohere  it  exhibited  (in 
reflection)  what,  seemed  to  be  interference  colors  which 
followed  the  exoected  lines  of  equal  thickness.  Transmission 
measurements  were  marie  on  the  film  and  several  maxima  and 
minima  were  found-  However,  a microscopic  examination  of 
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of  the  film  clearly  showed  that  it  contained  large 
particles.  These  wore  of  sufficient  size  to  be 
clearly  visible  at  LUQ2L,  the  sizes  and  chapes  being 
clearly  defined.  The  particle  sites  varied  regularly 
from  one  end  of  the  film  to  the  other.  Another  silver 
film  was  evaporated  much  more  raoidly  than  that  described 
above  and  was  oxidised  in  the  same  way.  The  * hickness 
range  was  the  same  as  before,  but  after  oxidation  no 
interference  colors  were  observable  on  superficial 
examination  and  the  transmission  was  entirely  different. 

This  film  also  contained  particles  invisible  to  the 
naked  eye  but  readily  visible  with  a microscope  at  U-OX . 

In  another  experiment,  a film  of  graded  thickness  was 
deposited  on  th*‘  "all  of  a cylindrical  tube  and  oxidised 
in  an  rf  glow  discharge.  In  reflected  lirht  it  also 
showed  what  seemed  to  be  interference  colors  following 
lines  of  equal  thickness.  Again  on  microscopic  examination 
particles  were  readily  visible.  On  the  other  hand,  after 
dc  glow  discharge  oxidation  of  thin  silver  wedges  to  a 
limited  degree,  much  less  than  the  above  films,  no  parti- 
cles could  be  detected  at  AAOX.  In  view,  however,  of  the 
high  temperature  (150  to  190°C)  to  which  the  oxidized 
films  are  heated  on  cesium  addition,  we  were  not  by  any 
means  certain  that  truly  specular  reflectors  could  be 
prepared.  Hence  the  projected  optical  investigation  was 
abandoned.  Borziak  and  Margulis  do  not  state  whether  any 
microscopic  examination  was  made  to  establish  the  absence 
of  particles  whose  sizes  exceed  the  wavelength  of  the 
light.  It  is  again  possible  that  deposition  of  the  silver 
film  at  liquid  air  temperature  followed  by  a low  temperature 
oxidation  might  produce  a film  with  very  small  particle 
size  even  though  the  film  was  heated  during  cesium  addition. 
This  was  not  specifically  examined,  however,  or  at  least 
not  stated  and  hence  the  question  remains.  That  the 
question  is  pertinent  is  clearly  demonstrated  by  the  work 
of  Asao  who  gives  in  his  paper  a o no to graph  of  a semi- 
transparent photocathode  taken  at  magnification  (see 
ref.  23,  Fig.  12).  Particles  are  clearly  visible  in  the 
photograph.  The  questions  as  to  particle  sizes  in  the 
photo  cathodes  apply,  of  course,  not  only  to  the  work  of 
Borziak  and  Mar  gulls  but  also  i.o  other  work  in  which 
specular  reflection  is  assumed.  The  work  of  Kluge  is 
probably  an  exception  because  very  thin  films  on  a thick 
silver  base  were  used.  Moreover,  as  we  stated  earlier, 
a proof  of  specular  reflection  was  given  by  Kluge.  There 
still  remains  a question  in  our  minds  as  to  whether  the 
films  were  truly  specular  reflectors  or  whether  they 
simulate  specular  reflectors  as  the  result  .of  a compli- 
cated "interference  phenomenon  resulting  from  particles 
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whose  sizes  are  comparable  v/ith  or  greater  (in  the  thick 
sections)  than  th«  wavelength  of  light  and  which  vary  in 
size  from  the  thick  to  the  thin  sections  of  the  films. 

If  this  i3  the  case,  the^ortical  constants  obtained  are 
averages  or  some  type,  ^ven  if  this  ic  the  case,  the 
work  is  still  of  value  but  its  force  is  somewhat  reduced. 
In  any  case  the  work  seems  to  be  the  best  available  on 
the  optical  properties  of  the  photocathode.  In  view  of 
the  complexity  of  the  system  it  is  perhaps  surprising 
that  the  interference  pattern  can  be  fitted  even  approxi- 
mately over  a wedge-shaned  cathode  with  one  set  of 
critical  constants.  The  technical  difficulties  involved 
in  such  experiments  are  obviously  very  great. 


1.7  Structural  Studies 
of  P’-'otocathodes 

The  problem  of  defining  the  structural  features  of 
a Cs~0~A.p;  cathode  by  physical  methods  presents  some 
serious  obstacles  bee  nr  e of  the  chemical  reactivity  of 
the  cesium  oxides  present.  Ir.  the  following  paragraphs 
the  results  reported  for  electron  diffraction,  electron 
emission  microscopy,  and  electron  microrraphic  investi- 
gations are  very  briefly  mentioned. 

Seda,  Asao,  Sayama,  and  Kobayashi  have  reported  the 
th  of  an  electron  diffraction  investigation  of  the 
ohotocathode^o , Using  a specially  designed  electron 
diffraci  ion  unit,  they  investigated  the  electron 
diffraction  pattern  for  a silver  oxide  photocsthcda 
activated  by  cesium.  They  report  that  the  oxidized 
surface  gave  a pattern  consisting  of  broad  rings  due  to 
On  reaction  with  cesium  and  before  photo emission 
was  observed,  a very  complex  pattern  of  rings  was 
obtained  which  on  reaction  with  cesium  became  very  diffuse 
After  standing  for  a shore  while  tho  photoemiscion 
disappeared  and  the  share  pattern  previously  obtained 
reappeared.  The  spectral  response  of  the  photocathode  as 
a function  of  wavelength  was  not  resorted  and  the  results 
are  considered  only  as  indicative  of  the  feasibility  of 
an  electron  diffraction  study.  They  renort  a plan  to 
redesign  the  apparatus  for  a more  definitive  investigation 

Moriya-^  has  investigated  the  ^hotoemission  of  the 
surface  formed  by  the  reaction  of  cesium  with  an  oxidized 
silver  cathode,  using  the  surface  in  an  electron  emission 
microscope  with  high  light  intensities  incident  on  the 
photocathode , The  sensitivity  of  the  cathode  was  low, 
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namely  1.5  /*a /lumen  for  whit, a light.  fro:s  a source  at 
270C°K.  Ur  in.g  a 25^.  uagnifi cation,  photographs  of 
the  electron  i:c,a-os  ror  white  light,  light,  of  3,000  «■ 

4,000A,  light  of  >6000A,  and  polarized  white  light 
were  nrenared,  Toe  photon*rnr>hs  demonstrated  the 
following: 

1.  For  light  of  3000  - 1000A  the  electrons .are 
emitted  uniformly  over  the  entire  surface.  * 

2,  For  white  light,  the  emission  occurs 
predominantly  from  minute  areas. 

j.  For  light  of  great er  than  6000A  the  electron 
omission  arises  from  select  sites  of  varying 
si ro  present  on  the  ohoto  surface. 

U . The  emission  for  polarized  light  was  inde- 
pendent. or  the  orientation  of  the  electric 
vector,  'the  wavelength  range  for  the 
nolarizod  light  was  not  specified. 

The  results  clearly  demonstrate  that  the  photo- 
emiosion  in  the  range  of  wavelengths  greater  than  600  tryte 
:s  the  result  of  the  presence  of  a polypatch  surface 
having  a low  work  function.  A detailed  study  with  the 
emission  electron  .micro scope  of  surfaces  as  a function 
of  wavelength  and  conditions  of  preparation  would 
certn inly  be  of  value  in  establishing  the  structure  to 
be  assoc j - ted  with  various  surfaces. 

Friner  and  3jnitsknya-'V  have  reported  preliminary 
results  for  an  electron  microscopic  study  of  the  structure 
of  the  Ag-O-Cs  cathode.  In  chic  inveetigat ion  the  surface 
structure  of  Ag-O-Cs  cathodes  with  a sensitivity  of 
20^a /lumen  was  examined  using  an  evaporated  quartz  reruica 
technique,  in  every  cathode  having  a high  sensitivity 
a developed  relief  prevails,  with  dimensions  of  uneveness 
of  th~  order  of  200  - 600 A , and  a greater  uniformity  than 
in  a less  sensitive  cathode.  Together  with  the  developed 
relief  there  exists  in  individual  sections  a grainy 
structure  which  to  a .teg;  e©  res  unties  the  backing  structure* 
The  developed  relief  in  < he  case  of  the  Cs-O-Ag  cathode 
was  observed  only  after  treating  the  oxide  surface  with 
cesium  vaoor  and  i~  +.ho  silver  base  has  been  appreciably 
oxidized. 
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It  is  evident  from  the  above  discussion  that  defini- 
tive results  have  not  bean  obtained  in  the  structural  in- 
vestigations. This  nay  bo  due  to  the  fact  that  it  is  not 
particularly  easy  to  prenare  highly  infrared-sensitive 
photocathodes  even  under  the  most  favorable  conditions. 

When  this  preparation  is  combined  with  a highly  compli- 
cated technique,  such  as  electron  diffraction,  in  e- 
quipment  for  which  there  is  little  background  experience, 
then  the  difficulties  are  greatly  nultinlied.  As  the  re-  ' 
ault  of  these  considerations  we  have  decided  to  apnroaoh 
the  problem  in  a different  way.  The  use  of  x-rays  for 
the  stud”-  of  the  cathode  3eemed  at  first  to  be  unsatis- 
factory. Illumination,  at  normal  incidence,  of  semitrans- 
parent cathodes  prepared  on  a thin  glass  base  was  not  very 
successful  because  the  amount  of  material  in  the  x-ray 
be=im  is  too  small  to  c;ive  a satisfactory  diffraction 
pattern.  This  defect  was  overcome,  hovrever,  by  sealing  a 
piece  of  ra-r.or  blade  into  a phototube  which  had  attached 
to  |t-  a thin  walled  capillary  of  small  bore,  After  the 
nhotocsthode  had  been  prepared  a sample  could  qe  scraped 
from  its  surface  into  the  capillary  by  manipulating  the 
ra*or  blade  with  a permanent  magnet.  The  nhototubo  was 
then  placed  in  an  x-ray  powder  dif fraction  camera  in  such 
a way  that  the  x-ray  beam  struck  paly  the  protruding  capil- 
lary containing  the  rowder  sample.  Fairly  good  powder  dif- 
fraction photographs  could  thereby  be  obtained  (see  Section 
U) . This  method  has  the  following  advantages:  (l)  the 
method  of  + ube  preparation  does  not  have  to  be  changed,  (2) 
by  scraping  a considerable  area  of  surface  an  adeouate 
sample  can  be  obtained  without  bracking  the  vacuum,  (3)  a 
woli-develoDod  technique  (x-ray  diffraction)  can  be  used 
without  modification  of  equipment.  This  method  has  met 
with  some  success  (see  Section  4). 


1.3  Miscellaneous  Experiments 

we  note,  in  passing,  a few  fragmentary  pieces  of  work 
on  the  electrical  conductivity  of  photocathodes  and  also 
some  researches  on  silver  films. 

The  “lectrical  conductivity  of  silver  films  has  been 
studied  by  Morotov  and  Butslov2^,  They  found  that  silver 
films  deposited  on  9 substrate  at  liquid  air  temoera+ures 
v«rfl  highly  conducting  even  when  very  thin,  93-95$  trans- 
mission (0.5  - 1.0(/4wr/cm2} . When  evaporated  onto  a 
substrate  at  300°C , however,  films  of  considerably  greater 
thickne.is  (25  - 30 ^g/cra2  at  white  light  transmissions 
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of  l>  - &)  were  required  in  order  to  establish  electrical 
conductivity.  It  vas  also  noted  that  silver  films 
evaporated  at  room  temperature  may  change  rapidly  in 
conductivity,  sometimes  by  several  orders  of  magnitude 
within  a few  seconds.  Morocov  and  Rutslov  also  measured 
the  electrical  conductivity  of  rhotocathodes  at  various 
stages  of  p^ocesning.  The  followin'”  figures  for  the 
resistances  at  various  stages  are  of  some  interest; 

original  silver  film  15.5  ohms/ca| 

after  oxidation  >106  ohras/cm^ 

after  cesium  addition  #6.5  ohma/cm- 

after  evapo rat in g additional  A g /-3. 5 ohms/cm* 

after  heat  treatment  to 

maximum  emission  29.2  ohras/cm^. 

They  note  that  resistance  after  cerium  addition  is  variable 
and  nay  be  ten  times  as  groat  os  that  of  the  original 
silver  film.  They  infer,  in  agreement  with  Asao,  that 
CgpO  is  a semiconductor • 

iiobuyashi36»37  has  studied  the  conductivity  of  CspO 
films  and  also  of  photocathodes  activated  with  Sb,  Bi. 

Cu,  and  Ag.  In  the  former  case  a very  Peculiar  behavior 
was  observed  which  suggests  that  phase  transitions 
accompanied  changes  in  temperature.  The  results  are 
difficult  to  interpret. 

By  far  the  most  extensive  and  definitive  work  on 
thin  silver  films  is  that  of  Sennett  and  Scott38.  By 
electron  microscopic  examination  of  films  of  graded 
thickness  they  were  able  to  show  beautifully  the  grain 
merging  which  occurs  as  the  film  thickness  increases. 

The  effects  of  evaporation  rate  and  of  temperature  of  the 
substrate  were  also  treated.  Transmission  and  absorption 
by  silver  films  was  also  studied  as  a function  of  wave- 
length, This  extends  the  original  work  by  Haos^x  who  was 
apparently  the  first  to  demonstrate  by  electron  micro- 
scopic examination  that  the  optical  and  electrical 
anomalies  of  thin  silver  film:  ••re  probably  due  to  the 

unusual  state  of  aggregation. 

In  a more  -recent  study  Maclauchlan , Sennett , and 
Scott^C  have  demonstrated  the  merging  of  grains  in 
evaporated  silver  films  by  making  observations  on  the 
same  film  section  at  each  of  sever”!  stages  in  the 
evanorat  ion. 

The  work  of  Sennett  and  3co+t  has  already  been 
referred  to  at  some  length  in  Fart  1 this  report 
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series,  so  it  will  not  be  further  discussed  here 


i 
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1.9  Discussion 

It  is  evident  from  the  foregoing  sections  that 
considerable  evidence  has  built  up  which  favom  n volume 
rather  than  (or,  oerhaos,  in  addition  to)  a surface 
photoelectric  effect,  although  he  precise  source  of 
ohotoelectrors  is  not  deficit'  established.  This 
accumulation  of  evidence  tends  to  cast  some  doubt  or 
de  Boer’s  hypothesis  that  surface  absorbed  cesium  atoms 
constitute  the  source  of  ohotoelectrons , It  is  true, 
hovrever,  that,  photoelectric  yield  is  affected  markedly 
by  small  amounts  of  exoes.3  cesium  added  at  room  temperature. 
The  amounts  involved  are  onuivalent  to  only  a fraction  of 
a monolayer.  Hence  the  photocathode  is  very  likely  surface 
sensitive  (see  Section  3.41).  The  matter  is  further  dis- 
cussed in  Section  5,  although  definitive  results  have  not 
yet  been  obtained. 

Although  narked  progress  has  been  made  in  the  study 
of  the  ces ium-oryo-en-sii ver  photocathode  there  is  never- 
theless disagreement  about  many  vital  points.  *ven  the 
presence  of  CsoO  in  the  nhotocathode  has  been  questioned. 

It  seemed  important,  therefore,  to  conclusively  settle 
the  cathode  composition  if  possible,  and  hence  experiments 
directed  toward  this  end  have  been  undertaken  as  outlined 
in  the  summary  of  this  *'e~ort«  These  are  described  in 
Section  U. 

Many  excellent  experimental  studies,  some  of  which,  are 
described  in  foregoing  sections,  have  been  made  which  are 
definii  ive  ns  far  as  the  particular  cathode  studied  is 
concerned . The  very  poor  reproducibility  in  manufacture 
has,  however,  already  been  emphasized,  and  clearly  shows 
that  the  process  is  only  vaguely  understood.  In  order  to 
illustrate  the  point,  we  have  compiled  Table  IV  showing 
the  nn.pi+  ion  of  the  longwave  maximum  obtained  by  each  of 
several  investigators  previously  referred  to.  The  long- 
wave maxima  li.$  .cons tent  ly  between  700  and  #00  miM. 

However,  Kluge*-®  has  shown  that  by  using  a roughened 
silver  sheet  the  long  wavelength  maximum  con  be  moved  into 
the  infrared  by  more  than  100  rry&*  Hence  the  Photocathodes 
referred  to  in  Table  IV  do  not  constitute  the  most  infrared- 
sensitive  cathodes  available.  Asao‘->  also  gives  a yield 
curve  for  one  cathode  in  which  the  long  wavelength  maximum 
lies  further  in  the  infrared  than  those  listed  in  Table  XV. 
Such  cathodes  have  also  been  diaeu-^cd  by  de  Boer*  * 
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TABLE  IV.  LONG  WAVELENGTH  MAXIMA 


Authors 

Reference 

Location  of 
long  Wavelength 
Maximum 

Tear 

Roller 

13 

750  mjju 

1929 

Prescott  and  Kelly 

IB 

<v  750  m/a. 

1932 

Asao 

23 

700  mtv(  semi- 
transparent ) 

1940 

Morosov  and  Butslov 

24 

750  myuo 

1944 

Kluge 

25 

750  m f*. 

1935 

Kluge 

27 

750  m fAr 

1933 

Ives  and  Olpin 

29 

BOO 

1934 

Borsiak  and  Margulis 

32 

7 BO  nijU- 

194B 

Roller 

19 

750  nite* 

1930 

Kluge 

30 

BOO  ml*. 
! 

1933 

Notes  The  above  values  have  all  been  corrected  for  lamp 
<?n Rr,r/  distribution. 


During  the  course  of  our  work  we  have  found  reason  for  * 
believing  th.it  core  than  one  type  of  emitting  center 
exists  In  properly  prepared  photocathodos.  One  type 
of  center  gives  rise  to  long  wavelength  maxima  similar 
to  thoas  of  Table  IT,  but  others  produce  sensitivity 
considerably  further  in  the  infrared  (see  Sections  3 
and  h)  » In  view  of  this  fact  we  might  well  question 
the  applicability  of  muph  of  the  foreroing  work  to 
highly  infrared-sensit ive  photocathodes.  A thorough 
and  systematic  study  of  the  photocathode  with  emphasis 
on  chemical  composition  determinations  is  clear*ly  called 
for.  The  exoer'i meats  now  described  were  conducted  for 
this  nurpose. 
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2.1  General  Equipment 
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2.2  Cesium  Preparation  and  Flow  Rate 
Measurements 

2.21  Cesium  Preparation 

2.22  Cesixira  Flow  Rate  Measurement 

2.3  Tube  Fabrication.  Kon-Radloactive  Tubes 
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2.  EQUIPMENT  AND  TUBS  FABRICATION 


As  stated  in  the  introduction,  the  experimental 
studies  can  be  divided  into  l’our  groups.  (1)  A system- 
atic  study  of  the  development  of  thermionic  and  photo- 
electric omission  as  cesium  is  continuously  added  to  photo- 
tubes. (2)  Cathodo  composition  determinations  by  means  of 
a radioaotive  cesium  tracer.  (3)  Identification  of  cfcthod© 
constituents  by  x-ray  diffraction.  (1)  A considerable 
group  of  miscellaneous  experiments  undertaken  to  (a)  gain 
experience  in  cathode  preparation,  (b)  answer  specific 
questions  relating  to  cathode  preparation,  and  (c)  test- 
out  ideas  arising  from  '1),  (2),  (3)  above.  It  seems  more 
pertinent  in  a final  report  to  organize  the  discussion  in 
terms  of  the  phenomena  encountered  rather  than  in  terms  of 
specific  experiments.  Hence  the  various  methods  of  cathode 
preparation  and  testing  are  described  in  the  present  section 
so  aa  to  avoid  needless  repitition  in  subsequent  sections. 

The  discussion  of  tub*  preparation  Is  organised  as 
follows*  Section  2*1  is  devoted  to  a description  of  the 
general  equipment  used  to  prepare  and  characterise  the 
photosurface.  Section  2.2  includes  a discussion  of  the  tech- 
niques by  which  th«  cesium  for  the  photosurfcca  was  prepared 
&*3  well  aa  a discussion  of  the  cesium  flow  rate  through 
small  boro  capillaries.  In  Section  2.3  the  methods  used  for 
the  preparation  and  characterization  of  the  nonradioactive 
ce.rium  phototubes  are  discussed.  The  preparation  of  radio- 
active cesium  tracer  photo cathodes  is  discussed  in  Section 


2*1  Ofenarai  Equipment 

apparatus  and  techniques  which  have  been  largely 
used  in  the  preparation  and  characterization  of  experimental 
tubes  are  considered  in  this  section.  Furthermore,  at  ap- 
propriate places,  the  conditions  usod  to  soeeify  the  emission 
characteristics  of  photosurf. tees,  discussed  in  the  following 
sections,  sr©  defined.  The  discussion  has  bean  organized 
usin^  the  following  sequence  of  topics:  (1)  Vacuum  systems, 
(2)  ahren  system  of  tube  fabrication,  end  { 3 ) spectral  re- 
sponse measurement* 


2.11  Vacuum  systems 

As  described  it  '-V->  silver  oxidation  report  (Part 
I of  thi3  series),  two  til  n a rent,  ly  designed  high  vacuum 
systems  have  been  used  i.-.  the  preparation  of  the  experimental 
phototubes.  System  I been  used  in  the  preparation  of 
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nonradioactiye  cesium  massive  and  semitransparent  c Athodee 
{experimental  groups  1,  3,  U above),  and  was  consequently 
designed  for  convenient  and  rapid  preparation  of  exoerl~ 
mental  tubes.  System  II  has  Deen  used  to  study  the  gross 
composition  of  the  surface  with  radioactive  cesium  and 
consequently  was  designed  for  the  precision  measurement  of 
the  oxygen  deposited  during  the  glow  discharge  oxidation. 

Vacuum  system  I consists  of  a 26-m»  diameter  pvrex 
glass  manifold  to  which  are  attached  by  means  of  stopcocks 
the  following  units : a DPI  GF  25#  triple-stage  oil  diffusion 
pump  backed  by  a #elch  Duoseal  pump,  a Welch  Duoseal  roughing 
pump,  a potassium  permanganate  pellet  oxygen  source,  end  a 
Drierite  tower  exit  to  the  atmosphere.  * Three  vacuum  gauges 
were  used  to  measure  the  pressure  in  the  system;  namely,  a 
calibrated  micro  Pirani  gauge  for  oxygen  pressures  in  the 
range  1.0  to  O.temn  tfg,  a Canco  thermocouple  gauge  unit  for 
the  range  i*.00  to  1 micron,  and  a DPI-VGiA  ionisation  gauge 
unit  for  the  pressure  range  below  6xl0**ham  Hg.  The  total 
volume  of  the  system. was  1.0  liter. 

The  white  light  transmission  values  of  semitransparent 
cathodes  prepared  on  vacuum  system  I were  measured  using  an 
S-U  photosurface  and  a GS-#2  6CP  bulb  light  source  operated 
at  6.0  volts.  The  current  from  the  photocell  was  passed 
through  an  Ayrton  shunt  and  measured  with  a No .3U02  Hrf 
Rubicon  galvanometer  with  a sensitivity  of  O.OO^ea/mra.,  This 
shunt-galvanometer  combination  was  also  used  to  measure  the 
thermionic  erlcaion  and  white  light,  sensitivity  of  experi- 
mental tubes  fabricated  on  the  manifold,  in  this  case,  a 
collecting  voltage  of  1$0  volts  was  used.  It  was  not  possible 
with  this  unit  to  establish  during  tube  fabrication  the 
voltage  dependence  of  the  observed  emission  currents. 

Vacuum  system  II  consisted  of  an  lS-oim  diameter  pyrex 
glas°  manifold  to  which  were  attached  by  means  of  stopcocks 
the  following  units:  a triple-effect  liquid  air  trap  which 

was  connected  to  a two-8tage  mercury  diffusion  pump  backed 
by  a WeleVi  Duoseal  pump,  a micro  Pirani  calibration  bulb 
. which  formed  a shunt  across  the  vacuum  stopcock  to  the 
liquid  air  trap,  a sealed  end  mercury' manometer  in  series 
with  a calibrated  bulb  used  to  determine  the  volume  of  the 
system  by  a gas  expansion  method,  a two-liter  flask  used  in 
the  calibration  of  the  micro  Pirani  gauge,  m Welch  Duoseal 
roughing  pump,  an  oxygen  reservoir  which  wft3  connected  to 
tha  oxygen  tank  through  a Drierite  tower,  and  an  exit  tube 
to  the  atmosphere.  A schematic  drawing  of  the  vacuum  system 
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Is  given  in  Fig.  22  of  the  silver  oxidation  report  (Part 
I).  The  pressure  in  the  system  was  measured  using  (1)  a 
micro  Pirani  gauge  for  the  rang©  0*4  to  l.Qme  Hg,  (2)  a 
DPI  Pirani  gauge  for  the  range  from  400  to  1 micro*,  and 
the  VO  1A  DPI  ionisation  gauge  for  pressures  below 
6xl0“*hna  Hg.  The  characteristics  of  this  micro  Pirani 
gauge  as  well  as  of  the  one  used  on  system  I are  discussed 
in  considerable  detail  in  Appendix  1 of  the  silver  oxi- 
dation report  (Part  I of  this  Series).  During  tube  fabri- 
cation 6n  vactnua  system  II  the  determination  of  the  ‘volume 
of  the  system  as  well  as  a reealibration  of  the  micro  Pirani 
gauge  were  performed  for  each  tube.  The  degrees  of 
precision  of  these  calibrations  were  such  that  the  total 
volume  was  known  to  better  than  ljt  and  the  pressure  change 
during  oxidation  was  determined  to  1 micron.  For  the 
latter  measurement  the  micro  Pirani  gauge  was  use®  in  all 
cases. 

Out gassing  of  £he  tubes  attached  to  the  vacuum  syatems 
was  performed  using  a three-inch  bore  quarts  tube  resistance 
furnace.  The  tubes  in  general  were  outgassed  at  375  » A50°C 
for  at  least  two  hours  or  until  the  pressure  in  the  system 
was  less  than  5xl0~°mm  Hg  as  measured  with  the  VO  1A  ioni- 
sation gauge. 

The  sliver  oxidations  were  performed  in  system  I using 
oxygen  from  the  thermal  decomposition  of  KM~0^  and  in  system 
II  using  commercial  tank,  oxygen.  For  the  dc  glow  discharge 
oxidations  a nonregulated  dc  power  supply  with  the  output 
voltage  continuously  variable  from  0 to  1500  volts  was  used. 
For  the  rf  glow  discharge  oxidation  a BC-375E  Signal  Corps 
transmitter  was  used  as  a source  of  radio frequency  power. 

The  oxidation  techniques  are  described  in  Part  I of  this 
series. 


2,12  Oven  system  of  tube  fabrication 

It  was  of  interest  to  follow  both  photoelectric 
and  therialonlc  emission  during  the  continuous  addition  of 
cesium  to  an  oxidized  silver  cathode.  For  this  purpose 
the  cesium  source,  a Cs^CrO^-Sl  pellet,  is  placed  In  a 
side  tube  attached  to  the  nhctotube  through  a fine  capillary 
which  limits  the  rate  of  flow  of  cesium  to  the  oxidized 
silver  cathode.  The  side  tube  and  its  attached  phototube 
are  then  Disced  in  an  oven  maintained  at  the  desired 
temperature,  and  both  photoelectric  and  thermionic  emission 
are  measured  as  a function  of  time.  The  precise  experi- 
mental arrangement  is  as  follows. 
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Tha  thermionic  emission  is  followed  continuously 
by  means  of  a vibrating  read  amplifier,  to  be  described 
later,  and  a Brown  recorder.  In  order  to  measure  the 
photoelectric  emission  a hole  was  drilled  through  the 
front  door  of  the  oven  and  a length  of  2 inch  i«d.  brass 
pipe  inserted  through  the  opening;.  The  phototube  is 
placed  near  one  and  of  the  brass  pipe  at  ths  approximate 
center  of  the  oven  interior.  At  the  other  end  of  the 
brans  pipe,  outside  the  oven,  is  placed  a tungsten 
flliament  incandescent  lamp,  and  a series  of  infrared 
filters.  The  filters  are  mounted  on  a brass  plate,  k 
inch  thick,  2|  inches  wide  and  12^  inches  long.  The 
filters  are  circular  discs  of  2-inch  diameter  mounted  in 
2-inch  holes  bored  in  the  brass  plate.  By  means  of  brass 
guides  the  plate  containing  the  filters  can  be  moved 
perpendicular  to  the  axis  of  the  2-lnch  brass  ripe  in  such 
a wav  that  any  filter  can  be  interposed  between  the  light 
source  and  the  oho to tube.  Six  holes  are  drilled  in  the 
brass  elate  and  five  filters  are  mounted  in  it.  The  sixth 
hole  is  blocked  off  bv  a brass  sheet  so  that  in  the  sixth 
position  the  cathode  is  shielded  from  the  light  source. 

In  order  to  better  concentrate  the  light  beam  on  tha  cathode 
a lens  is  nlaced  between  filters  and  cathode.  A sketch 
which  shows  the  mounting  of  the  phototube,  and  attached  side 
tube  containing  cesium,  relative  to  the  oven  dcor  is  shown 
in  Fig.  A.  The  lamp  and  filter  mounting  are  also  shown. 

The  filters  are  designated  by  F?,  Fo,  F^„  Fjj,  while  th« 
blank  position  is  cross  hatched.  A^thermometer  ie  Inserted 
through  the  top  of  the  oven  so  that,  with  the  door  closed, 
the  thermometer  bulb  is  immediately  adjacent  to  the  cathode 
and  the  temperature  in  the  immediate  vicinity  of  the  cathode 
is  determined.  The  oven  U3od  is  a Genco  #95050  and  the 
temperature  is  thermostatically  controlled.  The  light  source 
is  a GB  #31  bulb  operated  at  6,0  volta  and  0,25  amps. 

Further  details  concerning  the  filters  and  current  measure- 
ments are  given  later.  The  decomposition  of  silver  oxide 
at  190°C  has  been  reported  previously  (Part  1}  and  found  to 
occur  at  a very  small  rate  at  190°C.  For  many  purposes  the 
decomposition  can  be  ignored,  Cas'um  vapor  pressure  of  tha, 
cathode  during  tube  fabrication  has  been  studied  by  SgyaaaZi 
and  found  to  be  negligibly  small  compared  to  the  vapor 
pressure  In  the  cesium  source  bulb,  at  least  when  the  ratio 
of  cesium  atoms  to  oxygen  atoms  (Cs/0)  is  lesc  than  2,6.. 

The  experimental  tube,  while  mounted  on  the  vacuum 
system  and  before  placing  in  the  oven,  is  thoroughly  out- 
gassed,  the  silver  is  oxidised  to  the  desired  extent,  and 
the  tube  evacuated  to  less  than  10** 5^  hg.  The  cesium 
chromate-silicon  pellet  mounted  in  a side  tube  which  is 
connected  to  the  phototube  by  a capillary  of  known  size, 
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is  then  fired  by  high  frequency  induction  beating*  After 
the  exo^rimenta.l  phototube  is  sealed  off  the  vacuus  system, 
it  is  mounted  in  the  oven  as  shown  in  Fig,  L.  The  flow 
rata  of  cesium  into  the  tub*  is  nredeterminsd  by  the  eanil- 
lary  size  and  the  partial  pressure  of  cesium  at  the 
temperature  of  the  oven.  This  experimental  arrangement  is 
parti cularlv  convenient  since  the  cesium  addition  can  be 
effectively  stopped  by  placing  a piece  of  moist  cotton  oft 
the  cesium  bulb.  This  operation  reduces  the  vapor  pressure 
of  cesium  to  a low  value  and  the  resultant  flow  rate  for 
the  capillaries  used  was  less  than  a monolayer  of  cesium  on 
the  cathode  everv  five  minutes.  In  the  discussion  of 
experimental  results  the  designation  cool”  is  used  to 
describe  this  operation.  It  is  obvious  that-  temperature 
control  is  impaired  if  the  cesium  source  is  cooled  frequent- 
ly. Nevertheless,  this  procedure  has  been  of  considerable 
value  in  the  study  of  photocathodes s and  as  long  aa  allowance 
is  made  for  temperature  changes,  useful  information  has 
resulted. 

For  the  measurement  of  the  thermionic  and  photoelectric- 
emission  during  the  fabrication  step  the  vibrating-reed 
amplifier  Brown  recorder  unit  used  in  the  spectral  response 
measurements  was  utilized. 

A switching  unit,  was  constructed  so  that  the  innut 
resistance  to  the  vih rating-reed  electrometer  is  variable 
from  10->  to  10b  ohms.  This  arrangement  permits  direct 
recording  of  currents  from.  U, 55x10-9  to  1.2x30”^  amperes 
full  scale  recorder  deflection.  The  standard  convention 
r°T  r^cor<~‘inf~  the  emission  data  ie  irf  units  of 
millimeters  'of  rb  center  do  floor  Ion  op  the jLQ2  oHrglnput 
resistor  range  for  which  the  sensitivity  i s~1j « ITT? W'rrm  ~ 
deflection^  In  terms  of  the  TCP range  units’  the  roTibwing 
current  ranges  are  available:  X 0.001,  X 0.01,  X 0.1, 

X 0.5,  X 1.0,  X 2.0,  X 5.0,  X 10.0,  X 50.0,  and  X loo. 

These  are  the  factors  bv  which  a recorder  deflection  On  a 
given  scale,  must  be  multiplied  in  order  to  convert  to  the 
10 5 range. 

Initially  the  experimental  tube  voltage  supply  was 
restricted  to  the  values  67*5,  135,  202.5,  270,  and  337.5 
volts.  After  a short  period  of  operation  it  became  aonarent 
that  this  set  of  voltages  was  too  limited.  To  more  fully 
establish  the  emission  characteristics  during  processing  it 
is  desirable  to  measure  the  emission  at  both  higher  and 
lower  voltages.  Conceauently  a two  selector  switch  voltage 
s^ip^>ly  unit  was  constructed.  With  this  unit  the  emission 
current  can  be  measured  at  0.0,  7.5,  15*9,  22.5,  A5,  67.5, 
and  120  volts  with  one  set  of  selector  switch  positions, 
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and  with  the  second  selector  switch  voltage  from  0 to 
607.5  volts  in  67.5  volts  steps  can  be  added.  The  total 
voltage  range  for  emission  measurements  thus  available 
is  from  0 to  7L2.5  volts.  With  the  variable  voltage  „ 

supply  it.  In  readily  possible  to  establish  whether  the 
observed  current,  is  a thermionic  emission  or  merely  a 
conduction  ionkn-g  current  between  the  electrodes.  The 
voltage  rieoendenee  of  thermionic  and  photoelectric 
emission  can  also  be  studied.  From  the  variation  of 
the  photoelectric  emission  with  voltage  it  is  readily 
oossihle  to  establish  whether  or  not  the  tube  is  "gassy". 

Ir\  addition,  with  a reversing  switch  in  the  inout  line 
circuit  from  the  experimental  tube  it  is  possible  to 
study  photoelectric  and  thermionic  emission  by  the  anode 
during  fabrication,  By  means  of  reversing  the  oolarity, 
i.e.  making  the  photosurface  the  anode,  it  is  easy  to 
distinguish  between  an  ohmic  conduction  current,  arising 
brom  a conducting  film  on  the  tube  envelope,  and  a genuine 
thermionic  emission. 

The  photoelectric  emission  of  the  cathode  during 
cesium  addition  is  measured  by  illuminating  the  cathode 
with  the  li<?ht  from  a OS  #31,  6.2-volt  bulb,  massed  through 
a seauence  of  filters  aa  previously  explained  (see  Fig,  4). 
During  cesium  addition  the  tube  is  periodically  illuminated 
by  the  light  transmitted  through  the  filters,  and  the  nhoto- 
electric  currant  is  measured  on  the  Brown  recorder  with  the 
thermionic  emission  as  the  base  line.  With  the  light  source 
used,  the  photoelectric  response  is  always  sufficiently 
large  to  be  readily  measured. 

The  live  filters  used  in  the  investigation  are  a3 
follows: 

- clear-  glass 

Fg  - polarold  XRX-60  X>775 

Fti  - polaroid  XRW-30X>&30  Rf** 

FV  - Corning  2540-  x>S0G  niu. 

- oolaroid  XRN-14X>#$0  tv 

The  photocurrer.ts  obtained  by  illumination  through  these 
fillers  are  designated  in  the  following  text  as  Fj.,  F2«.. 
responses  respectively. 

The  s'oectral  response  of  a 1?25  tube  determined  by 
oar»3ing  the  light  beam  from  the  Beckman  DU  spectrophoto- 
meter through  the  various  filters  is  shown  in  Fig.  5.  In 
this  figure  it  is  worth  noting  that  the  F2  filter  increases 
the  infrared  response  beyond  775  without  introducing  a 
large  absorotion  correction  beyond*  900’ In  addition,  a 
cathode  which  has  an  appreciable  res non se  beyond  900  wp. 
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must  have  a fairly  large  Fc  response.  The  difference 
(F^  - Ft)  is  a rather  direct  measure  of  the  response  of 
the  photosurface  for  wavelength  appreciably  shorter  than 
50  mJS.  This  1;=  illustrated  by  the  dotted  curve 'in  Pig. 
5.  Tne  f-ransmi-cion  curves  for  the  filters  calculated 
from  the  spectral  response  data  are  shown  in  Pig.  6. 


2.13  Soect  resixmso 
measurement 


In  order  to  characterise  the  experimental  nhoto- 
surfaces  it  is  necessary  to  measure  the  spectral  response 
after  each  processing  operation.  This  requires  a convenient 
and  rapid  method  of  recording  the  response  curves. 

The  armaratus  used  in  the  measurement  of  the  spectral 
response  of  phototubes  is  illustrated  in  Fig.  7.  A Beckman 
DU  spectrophotometer  is  used  as  a source  of  monochromatic 
radiation.  The  sample  holder  and  tube  housing  on  the 
Beckman  were  replaced  by  a special  design  phototube  housing 
which  could  accomodate  a wide  variety  of  tube  designs.  In 
order  to  reproduce  the  tungsten  light  source  operating 
conditions  a precision  voltage  divider  was  mounted  across 
the  lamp  terminals,  and  the  voltage  drop  across  the  lamp 
measured  with  a Rubicon  potentiometer.  The  input  voltage 
to  the  lamp  is  adjusted  so  that  the  voltage  drop  across  the 
lamp  is  5.00  volts.  Under  these  conditions  the  uncollected 
color  temperature  of  the  lamp  is  approximately  2130°K  as 
determined  with  a Leeds  and  Northrup  optical  pyrometer. 

This  figure  is  the  average  of  four  readings  taken  at  the 
interior  of  the  fill ament  coils.  The  temperature  is  ap~ 
proximate  since  the  filiament  supports  cool  the  ends  #t«. 

The  output  from  the  Phototube  is  measured  using  a high 
input  impedance  vibrating  reed  electrometer  similar  to  that 
described  by  Palevsky,  Swank,  and  Shull41.  This  unit 
consists  of  a vacuum  tube  oscillator  driven  dynamic  con- 
denser coupled  to  a tuned  amplifier  and  detector  circuit. 

The  output  from  the  electrometer  is  coupled  to  a Brown 
recorder  for  recording  the  phototube  current  as  a function 
of  wavelength.  The  wavelength  drum  of  the  spectrophoto- 
meter is  driven  with  a A rph  synchronous  motor.  The  electro- 
meter sensitivity  for  fullscale  recorder. deflection  (2£0mm) 
and  a 10°  ohm  input  resistor  is  p.^xlO*11  amp,  on  high 
sensitivity.  1. 55x10-1°  amp,  on  medium,  and  1.55x10-°  amp, 
on  lovr  sensitive  tr. 
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FIG.  7 -APPARATUS  FOR  SPECTRAL  CURVES 


In  order  to  provide  a basin  for  the  cf  ’oarison  of 
the  spectral  responses  a set  of  standard  measurement 
conditions  was  finally  adopted.  *5 'he  conditions  apply- 
ing to  the  majority  of  the  spectral  response  data  re- 
ported in  the  following  sections  are  as  followsi 

1.  Light  source  voltage  - 5.00  volts. 

2.  Beckman  spectrophotometer  slit  width  - 0,X50tsm. 

3.  Photoeraisnion  collector  voltage  - 202.5  volts. 

4.  Electrometer  sensitivity  - low. 

5.  fhotocurrent  expressed  in  m.  Recorder 
deflection  with  the  10®  ohm  input  resistor. 

For  the  low  sensitivity  range  on  the  vibrating  reed 
electrometer  the  sensitivity  is  1.6x10”^  amperes  per 
millimeter.  In  Fig.  9 in  shown  a typical  response  curvfe 
for  a commercial  tube  (1P25)  measured  using  the  standard 
conditions  Quoted.  The  commercial  tubes  were  character- 
ized by  a maximum  between  B90  - 940  mJ*.  and  a long  wave- 
length limit  from  1200  to  1350  mfu, 

It  is  interesting  to  com  are  Fig.  9 with  the  spectral 
response  obtained  (on  a different,  nhototube  of  a somewhat 
similar  type)  by  Gibson  and  Balcom^2  using  a Beckman  DU 
spectrophotometer.  The  response  curve  obtained  by  them 
has  almost,  exactly  the  same  shape  as  that  of  Fig.  6. 

Since  we  were  chlAfly  interested  in  comparing  cathodes 
prepared  under  different  conditions  we  have  not  corrected 
the  snectral  responses  for  dispersion  of  the  monochromator 
nor  for  lamp  energy  distribution  except,  approximately . in 
a few  instances.  Such  correction  has  a considerable  influ- 
ence on  the  shat>e  of  a spectral  response  curve.  It  proves 
to  be  the  case,  however,  that  the  position  of  the  long  wave 
maximum  usually  does  not  change  verv  much  and  the  long  wave 
limit  does  not,  of  course,  change  at  all.  The  effect  of 
lamp  energy  distribution  on  spectral  response  has  been 
discussed  by  IColler^?,  In  an  example  given  by  Roller  the 
position  of  a long  wave  maximum  at  BOO  rr^in  not  shifted 
on  correction  for  lamp  energy  distribution  of  an  incandescent 
source  at  2400°K , which  is  close  to  the  f i 1 lament  temperature 
in  our  own  source.  Approximate  calculations  (see  Section 
3.2)  of  our  own,  using  the  lamp  energy  distributions  re- 
ported by  others,  indicate  that  maxima  in  the  vicinity  of 
900  CM*?  may  be  shifted  to  shorter  wavelengths  by  about  30  ns/v 
and  maxima  at  BOO  are  also  shifted  to  shorter  waveiengtns 
by  about  the  same  amount..  Similar  results  for  the  latter 
case  have  been  obtained  by  Ballard^L,  These  remarks  apply 
only  to  spectral  response  curves  of  ^normal"  shape,  i.e. 
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those  which  do  not  depart  too  widely  from  that  of  Fig. 

6,  Abnormal  spectral  response  curves  may,  of  course, 
violate  the  above  generalizations.  Since,  however,  we 
are  dealing  always  with  closely  related  photocathodes 
the  above  general  remark's  are  usually  applicable  and' 
are  of  some  use  in  comparing  the  data  reported  here 
with  those  of  other  investigators  who  have  usually 
corrected  for  lamp  energy  distributions.  It  is  worth- 
while to  note  that  on  correcting  for  lamp  energy 
distribution  the  short  wavelength  sid*  of  a curve  such 
as  that  of  Fig.  9 tends  to  be  raised  relatively  more 
than  the  long  wavelength  region.  It  will  be  evident 
, from  the  subsequent,  discussion  that  these  points  are 
not  of  major  importance  in  the  interpretation  of  results. 


2,2  Cesium  Preparation  and 
Flow  Rate  Measurements 

In  order  to  prepare  the  Ag-O-Cs  cathode  it  is  neces- 
sary to  have  a convenient  source  of  ceBium  as  well  as  a 
method  for  controlling  the  rate  of  cesium  addition  to  the 
tube.  The  methods  used  to  obtain  the  cesium  and  to  con- 
trol its  flow  rate  into  a phototube  are  discussed  in  this 
section. 


2 .21  Cesium  preparation 

For  the  nonradioactive  cesium  phototubes,  cesium, 
was  obtained  by  firing  commercial  CagCrO^-Si  pellets  (RCA 
code  FZ607S),  mounted  in  tantalum  or  nickel  cups,  using 
induction  heating.  The  yield  of  cesium  obtained  from  the 
pellets  for  the  actual  degassing  and  firing  conditions  used 
was  A.3tO.A  mg  Cs/peiiet. 


For  the  investigation  of  the  gross  composition  of  the 
photo  surface  it  was  necessary  to  use  Cs2®r0^~3i  pellets 
containing  radioactive  cesium.  The  following  px-ocedure 
was  used  to  prepare  these  pellets. 


The  cesium  isotope  used  i3  which  has  a half  life 

of  2.31T0.3  years'^.  Tha  decay  scheme  for  Cs1'^  ig  shown  in 
Fig.  8.  The  isotope  was  obtained  from  the  Oak  Ridge 
National  Laboratory  as  a G.2m£.  solution  of  the  chloride  in 


water.  The  spectroscopic  analyses  given  on  the  shipping 
list  are  as  follows: 

faint  trace 
trace 
very  weak 
moderate 
very  strong . 


Beron-Iron 

Aluminum 

Silicon 

Magnesium 

Calcium 
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The  0.2  solution  was  dilutee  with  15  »£  of  0«1 
normal  HC1  and  1 m£  of  the  resulting  solution  wan  re- 
moved and  diluted  with  10 0 ui£  of  0.01  normal  HC1.  The 
activity  of  th®  solution  was  then  measured  by  removing 
25  lambda  (0.025  mil)  of  this  solution  and  evaporating 
on  a microscooe  caver  o’lase  under  a heat  lamp.  This 
sample  gave  11 , 000  counts  per  minute  with  the  sample 
geometry  described  later  in  the  section  on  the  prepa- 
ration of  radioactive  Cs  tubes.  A 25  mlt  sample  of  the 
above  solution  was  then  diluted  to  100  irJt-  to  give  a 
solution  having  about  1000  C/M  p«r  25  lambda. 

A sample  of  stable  (i.«.  nonradioactive)  Ce&  wa a 
weighed  by  difference  and  transferred  to  a 50  weighing 
bottle  and  20  mX  of  the  dilute  tracer  solution  added  to 
give  a solution  with  1.000  C/M/25  lambda.  After  stirring, 
standard  samples  were  removed  for  calibrating  subsequent 
samples  of  unknown  eesium  concentration. 

Solid  silver  chromate  was  now  added  to  the  solution 
and  the  solution  stirred  thoroughly  while  heating  with  an 
infrared  lamp.  The  solution  was  cooled  in  an  ice  bath 
and  centrifuged  to  precipitate  the  silver  chloride  and 
excess  silver  chromate.  The  supernatant  liquor  was  re- 
moved and  evaporated  to  1C  »£,  and  again  cooled  and  centri- 
fuged, The  supernatant  liquor  was  then  placed  in  a weighed 
centrifuge  tube  and  the  CajjfcrO^  nrecioit&ted  with  acetone. 
The  cesium  chromate  was  washed  with  acetone,  dried  at  110°C 
for  about  five  hours,  and  finally  cooled  in  a desiccator. 

After  weighing,  the  cesium  chromate  was  mixed  thorough- 
ly with  an  equal  weight  of  silicon  powder  fine  enough  to 
pass  through  a 200  mesh  screen.  Portions  of  the  result ing 
mixture  were  pressed  into  tantalum  cupa  to  form  the  Csg^rO^- 
31  pellets  for  the  tube  preparation. 

The  yield  of  cesium  from  the  pellets,  on  firing  by 
induction  heating,  was  quite  variable  and  depended  upon  the 
degree  of  preliminary  degassing;  a non  degassed  pellet 
giving  the  highest,  yield.  Yield  studies  for  seven  pellets 
prepared  by  the  above  procedure,  but  without  radioactive 
cesium  tracer,  “jave  the  following  results:  32,  21,  20,  10, 

7,  ill. 5,  and  0.1. j yield.  The  collets  containing  radioactive 
cesium  were  fired  under  those  conditions  which  gave  a yield 
of  aooroxinately  205k  No  difficulties  associated  with  the 
production  of  insufficient  cesium  were  encountered  in  the 
tracer  investigations. 
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2.?.?  Cesiun  flow  rate 
measurement 


Two  methods  have  been  used  to  determine  during 
processing  the  chemical  composition  of  the  experimental' 
surfaces;  namely,  (1)  the  addition  of  excess  cesium 
followed  by  a distillation  technique  to  remove  the  excess, 
and  (2)  deposition  of  a known  amount  of  oxygen  on  the 
cathode  followed  bv  controlled  cesium  addition  through  a 
capillary  tube  connecting  the  cesium  source  to  trie  tube. 

In  order  to  calculate  the  cesium  flow  rate  into  the  tube 
it  is  necessary  to  know  the  vaoor  pressure  of  the  cesium 
and  the  card  liar/  dimensions,  as  v/all  as  the  nature  of 
the  cesium  flow. 

The  vapor  pressure  of  cesium  as  determined  by  the 
positive  Ion  method  is  riven  b«f  the  equation^ 

log  P«9.*6-  Jffl„  . 


where  P is  the  pressure  in  mic'ons  and  T is  the  absolute 
temperature.  From  this  equation  the  vanor  pressure  of 
cesium  is  calculated  to  be  «>  Mg  at  190°C, 

g.  72x10- Vi  Hg  at  150°C,  1.7kcl0-°rtm  Kg  at  25°C,  and 
3 *OxlO‘"I,<-m.m  Hg  at.  ..6tf°C , It  is  to  bG  noted  that  this 
pressure  is  in  terms  of  cesium  atoms,  the  possible  presence 
of  C32  molecules  is  not  considered. 

It  is  well  known  that  the  dependence  of  the  rate  of  flew 
of  a gas  through  a caoillarv  on  the  capillary  dimensions  de- 
pends on  the  ratio  of  mean  free  path  to  cpillarv  diameter.  If 
this  ratio  is  large,  the  Knudsen  actuation  applies  while  if 
the  ratio  is  small  the  Poisseullle  equation  applies.  The 
equation  describing  the  flow  in  the  first  case  will  be 
referred  to  as  the  molecular  flow  equation  in  the  following 
text*  When  the  mean  free  path  and  the  capillary  diameter 
are  nearly  equal  neither  of  these  equations  is  accurate. 

In  this  case  another  relation,  referred  to  hereafter  as  the 
intermediate  pressure  flow  equation,  must  be  used.  Using 
the  data  of  Estermann,  Forier  and  Stern**?  the  mean  free 
path  for  cesium  in  the  saturated  vapor  at  190°C  has  been 
calculated  and  found  to  be  approximately  0.06  mm.  This  is 
not  large  in  comparison  to  the  capillary  diameters  which 
have  been  used  and  hence  the  flow  equation  valid  at  inter- 
mediate pressures  should  apparently  be  used  in  the  calcu- 
lation of  flow  rates.  For  future  reference  we  note  that 
the  mean  free  paths  at  one  micron  pressure  are  0.266  cm 
and  0.290  err  at  150°C  and  190°C  respectively. 
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Although  tho  Knudsen  equation  may  not  be  accurately 
applicable  it  has  nevertheless  been  used  for  approximate 
calculatior.6.  A form  of  this  equation  suitable  for 
numerical  calculation  is  ae  follows  (see  ref.  2*6  p. 96). 

n s 3.63&xlO~3  KA] raoles/sec.  (1) 

The  symbols  are  defined  as  follows: 

K-  1/(1*  3i/Sa) 

£ ? canillary  length  in  cm 
& = capillary  radius  in  cm 
A P * pressure  drop  along  canillary  in  microns 

A * Tf  a2 

Ms  molecular  weight  of  gas  . 

Rs  62.36  (mm)  (liter)  (deg~l)  (raol*"1) 

7*  temperature  in  degrees  absolute 
ns  flow  rate  in  moles  per  second. 

When  the  atomic  weight,  of  cesium  and  tho  gas  constant.,  R, 
are  substituted  into  thi3  equation  we  obtain  for  the  flow 
rate  of  cesium  in  moles  per  second 

n = 15.98xlQ-6  a;KAP  (?) 

'ft 

It  is  to  be  noted  that  the  abotfe  equation  differs  from 
the  usual  Knudsen  equation  because  of  an  end  correction. 
When  £/n  is  large  the  equation  reduces  to  the  Knudsen 
equation.  In  our  experiments  £/a  is  large  enough  so  that 
the  end  correction  is  actually  negligible. 

In  the  intermediate  pressure  region  where  the  mean 
free  path  is  comparable  with  the  capillary  diameter  the 
equation  which  ao^lies  is  as  follows  (see  ref.  lr6  p.  112); 

aPa  + 3.02^x10^2  /i]  ™ 

where  a*  flow  rate  in  moles  per  second 

Pa:  average  pressure  (microns)  along  capillary. 
This  is  equal  to  & &P  if  the  downstream 
pressure  is  negligible  as  is  the  case  in 
our  experiments. 

Z=  {l+2.507(aPa/L1)}/  {l+3.095aPaAiS 
L^=mean  free  path  at  one  micron  pressure, 
n - viscosity  of  gas,  poise. 
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The  remaining  symbols  are  the  same  as  in  the  previous 
equation.  All  pressures  are  in  microns.  Note  that 
f/Bi  is  assumed  to  be  30  large  in  comparison  to  unity 
that  the  end  correction  can  be  neglected. 

As  stated  above,  the  molecular  flow  equation  (1) 
is  only  applicable  when  the  m»an  free  path  is  .large  in 
comparison  to  the  canillary  diameter,  ^ince  this 
condition  is  not  satisfied  at  l?0oC  the  intermediate 
pressure  flow  eouation  (3)  should  actually  be  used. 

This  renuires,  however,  a value  for  the  viscosity  which 
is  not  know  with  any  assurance,  i-'oreover,  the  proportion 
of  C So  in  the  vapor  is  also  unknown.  C-n  this  account  it 
seemed  esser+ial  to  determine  by  direct  experiment  the 
amount  of  cesium  flowing  through  the  capillary  oer  unit 
time.  In  this  undertaking  we  were  assisted  because  in 
the  experiments  at  190°C  the  same  capillary  was  used  over 
and  over  in  a number  of  experiments.  The  same  was  true 
of  another  capillary  used  at  150°C.  Hence  the  flow  rates  were 
determined  by  experiment  for  two  capillaries  of  the  sane 
bore  as  the  above  two.  It.  was  desirable  to  conduct  these 
experiment s in  a manner  as  nearly  similar  as  possible  to 
that  in  which  the  raoill&ries  were  used.  Hence  the  photo- 
tube envelopes  were  replaced  by  glass  bulbs  containing 
glass  cooling  coils  through  which  cooling  water  could  be 
circulated.  These  bulbs  were  sealed  to  the  capillaries 
through  lengths  of  glass  tubing,  of  large  bore,  which  were 
long  enough  so  that  the  bulbs  with  eooline  coils  projected 
outside  the  oven  when  the  capillary  and  its  attached  tube 
containing  CspCrOj-Si  pellets  were  inside  the  oven  at  the 
same  position  an  in  actual  experiments.  The  bulb  and  capil- 
laiy  were  then  evacuated  in  the  usual  way  and  the  Cs2Cr0t-3i 
nellet  fired  with  an  induction  heater  just  as  in  the  prepa- 
ration of  a phototube.  The  capillary  with  its  attached  bulb 
containing  cesium  war.  then  placed  in  the  oven  in  its  usual 
position  with  the  cooling  bulb  projecting  out.  of  the  oven 
through  the  hole  in  the  door.  The  oven  was  heated  in  the 
same  manner  as  in  the  preparation  of  a phototube  and  the 
cesium  which  passed  the  capillary-  condensed  on  the  cooling 
coils  outside  the  oven.  The  flow  was  continued  for  a 
sufficiently  long  period  to  collect  a samnle  large  enough 
for  analysis.  At  the  end  of  the  experiment,  the  capillary 
was  sealed  off  from  the  cooling  bulb.  The  latter  was  then 
cracked,  open  and  distilled  water  added  to  it.  Chemical 
reaction  occurs  at  this  step,  cesium  bein«-  converted  to 
cesium  hydroxide  quantitatively.  The  quantity  of  cesium 
was  then  determined  by  titration  using  a standard  solution 
of  hydrochloric  acid.  The  normal  error  in  such  an  analysis 
is  about  0.2%.  The  results  obtained  in  two  such  experiments, 
using  the  two  capillaries  mentioned  above,  are  summarised 


in  Table  V,  It  is  found  that  the  flow  calculated  by 
the  molecular  flow  equation  at  190°C  is  13$  greater 
than  the  observed,  and  at  150°C  is  6.6$  higher. 

To  coraoute  a value  for  the  flow  rate  by  the  inter- 
mediate pressure  eouation,  the  190°C  data  were  first 
used  to  compute  the  viscosity  of  c«3ium  at  190°C. 

The  viscosity  at  190°C  was  corrected  to  150°C  assuming 
the  viscosity  to  be  proportional  to  the  square  root  of 
the  absolute  temperature.  This  value  of  the  viscosity 
was  then  used  to  calculate  the  cesium  flow  rate  atd150°C. 
The  resulting  value  for  the  flow  rate  was  8, 58x10”° 
moles/min,  which  is  0.9$  less  than  the  observed  value. 

Tne  coefficient  of  viscosity  calculated  at  190°C  is 
51. 5x10”*  poise  and  at  150°C  19.2xlO”5  poise.  These 
value3  are,  of  course,  not  highly  accurate. 

The  results  of  these  experiments  suggest  that,  for 
the  capillaries  used,  the  cesium  flow  rate  is  best  de- 
termined by  the  intermediate  pressure  flow  equation  (3)* 

The  calculated  coefficients  of  viscosity  are  of  the 
order  of  magnitude  to  be  anticipated  for  an  atomic  species 
such  as  cesium.  It  is  interesting  that  it  is  not  neces- 
sary to  suppose  that  C32  molecules  are  present  In  the 
vapor  in  order  to  account  f'or  the  observed  flow  rates. 

A number  of  experiments  on  photocathodes  were 
performed  before  the  calibration  described  above  was  aacie. 
In  these  cases  the  molecular  flow  equation  was  used  to 
compute  the  amount  of  cesium  entering  the  tube  envelope 
per  unit  time,  tfhere  high  accuracy  is  not  required  these 
calculations  have  not  been  corrected.  Unless  the  contrary 
i3  explicitly  stated  these  approximate  values  are  used  in 
the  following  text.  It  is  to  be  noted  that  the  Cs/0  ratios 
obtained  in  this  way  are  too  high  by  the  amounts  indicated 
in  Table  V. 


2.3  Tube  Fabrication. 

Non-Radioactive  Tubes. 

The  design,  fabrication  methods,  and  character! ration 
of  experimental  tubes  are  conveniently  considered  under 
two  headings;  namely,  radioactive  and  asm-radioactive  photo- 
tube fabrication.  The  discussion  of  the  non-radioactive 
tubes  may  be  further  subdivided  into  the  following  tube 
types:  (1)  Massive  cathodes,  (2)  Semitransparent  evaporated 

silver  film  cathodes,  (3)  cathodes  for  use  in  phase  identi- 
fication by  x-ray  diffraction.  The  methods  which  have  been 
used  to  prepare  and  characterize  these  cathodes  are  discussed 
in  the  following  subsections. 
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TABLE  V.  CESIUM  FLOW  RATE  THROUGH  CAPILLARIES 


Capillary 

Radius 

cm 

Length 

cm 

Observed  Flow 
molas/min 

Calculated 
Molecular  Flow 
molee/iain 

A (190°C) 

0.050L 

5.01 

1.3L2xlQ“7 

1.51x10-7 

B (150°C ) 

0.0573 

2.051 

B.66xlO~3 

9.23x10-3 

2 . 3 1 Massive  cathodes 


Three  typc3  of  massive  cathodes  have  been  used 
for  the  following  three  purposes.  (A)  One  type  of  massive 
cathode  has  been  used  in  the  study  of  photosurfaces 
containing  CspO.  It  is  known  (see  Section  1.1)  that  if 
excess  cesium  is  added  to  silver  oxide  a suboxide  oi  cesium 
is  formed.  On  heating  this  suboxide  at  190°C  for  long 
periods  of  tine  cesium  can  be  distilled  out  of  it  and  C32O 
forms  as  the  end  oroduct.  This  procedure  has  been  used  in 
the  preparation  of  cathodes  containing  CS2O,  the  excess 
cesium  being  distilled  into  a cold  trap.  An  example  of  a 
tube,  PT2/*c,  prepared  in  this  wav  is  given  in  Section  3,2. 

(B)  Other  massive  cathodes  have  been  prepared  by  intro- 
ducing cesium  into  a tube  containing  oxidised  silver  while 
the  tube  is  still  attached  to  the  vacuum  line.  Some  cesium 
is,  of  course,  Dumped,  out  during  this  process.  Since,  how- 
ever, the  measured  thermionic  emission  serves  *3  a control 
it  is  nevertheless  possible  to  continue  thj s process  until 
maximum  thermionic  emission  is  obtained  and  tnerehy  to 
prepare  an  infrared-sensitive  ca+hode.  A procedure  similar 
to  this  is  used  in  the  manufacture  of  semitransparent  nhoto- 
cathodes  and  we  have  tasted  the  procedure  using  massive 
cathodes.  The  results  obtained  for  several  cathodes  are 
given  in  Section  3.A2.  The  method  of  tube  preparation  is 
given  below*  (C)  In  the  third  series  of  experiments  (see 
Section  3.1)  a third  tvpe  of  cathode  was  used  in  the  study 
of  both  thermionic  and  Photoelectric  emission  during  the 
addition  of  cesium  to  an  oxidised  silver  3heet.  In  these 
experiments  the  cesium  flow  rate  was  limited  by  fine  capil- 
laries as  described  in  the  previous  section.  The  tube 
designs  and  the  details  of  the  preparation  methods  are 
described  below  for  each  of  the  above  types  A,  B,  C. 

The  tube  design  used  in  series  (A)  above  Is  shown  in 
Pi g.  10,  The  tube  consists  of  a semicyliridrical  silver 
sheet  cathode  with  a concentric  anode  lead  wire.  The 
Csp^rO^-vli  pellet  is  mounted  in  the  end  of  the  tube  containiri 
the  anode  lead  wire  so  that  it.  can  be  conveniently  fired  by 
induction  heating.  A cold  trap  is  mounted  in  the  exhaust 
line  to  the  vacuum  system.  The  fabrication  procedure  for 
tube  PTP.Uc,  which  is  discussed  in  Section  3*2,  is  as  follows: 

1.  Etch  Ag  cathode  with  1:1  nitric  acid,  rinse  with 
distilled  water,  dry  at  130°C. 

2.  Assemble  tube  and  seal  to  vacuum  system, 

3.  Degas  at  300°C  to  a pressure  of  l/5xlC~°mm  Hg. 

L.  Oxidise  with  a glow  discharge  in  oxygen  to  the  first 
order  gun  metal  blue  color.  Pressure  change  •z  40  mm 
(in  a liter  system)  at  27°C. 

, Evacuate  tube  to  lxl0“^ram  Hg. 
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6e  Degas  and  fire  Ca^CrO^-Sl  pellet  using  induction 
heating. 

7.  Tip  off  tube  from  the  vacuum  system . 

8.  Bake  at  100  - 200°C  in  quart*  tube  furnace  for 
definite  time  with  the  trap  cooled  by  a dry  ice- 
acetone  mixture.  The  tube  temperature  was  measured 
with  a thermometer  placed  in  contact  with  the  tube 
opposite  the  cathode.  Thermionic  emission  was 
measured  with  a Rubicon  galvanometer  with  Bp*29  volts. 

(See  Section  3.2  for  results.)  Cesium  distilled  from 
the  cathode  during  baking,  colleots  in  the  cold  trap. 

The  vapor  pressure  of  cesium  in  the  trap  is 

9*  Measure  spectral  response  of  the  tube  at  room  temperature 
using  the  Beckman  DU  spectrophotometer  under  the  follow- 
ing conditions:  Sp«65  volts,  Beckman  slit  width  sO.32  mm, 
lamp  voltage  4.97  - 4*99  volts,  and  the  vibrating  reed  at 
low  sensitivity. 

10.  Repeat  0 and  9 above  for  several  cycles  as  discussed 
in  Section  3.2. 

In  experiments  of  type  (B) , described  above,  the  tube 
design  was  modified.  The  3emicylindrical  cathode  was  re- 
placed by  a 2.5x5  cm  plane  silver  sheet  mounted  in  a 
tantalum  wire  frame.  The  CspCrO^-Si  pellet  is  mounted  in 
a side  tub©  rather  than  in  the  tube  envelope.  The  cesium 
flow  rate  into  the  tube  .is,  in  part,  controlled  by  placing 
a short  section  of  approximately  1 mm  capillary  in  the  line 
connecting  the  trap  of  the  tube.  The  exhaust  tube  is  sealed 
directly  Into  the  tube  envelope. 

The'  procedure  used  in  the  fabrication  of  these  tubes 
(type  B)  is  as  fellows  (see  Section  3.42  for  results): 

1.  Lightly  etch  Ag  cathode  with  nitric  acid,  rinse  with 
distilled  water,  dry  at  130°C. 

2.  Assemble  tube  and  seal  to  vacuum  system. 

3.  Oxidize  cathode  with  dc  glow  discharge  in  oxygen  at 
•v0.7mm  Hg  to  establish  conditions  for  uniform  oxidation. 

4.  Degas  tube  at  375  - 400°C  for  at  least  1 hour.  Final 
pressure <2xl0”°rom  Hg.  This  decomposes  the  oxide  formed 
in  step  3. 

5.  Oxidize  surface  to  desired  color  with  dc  glow  discharge 
in  oxygen  at  0.7ram  Hg. 

6.  Evacuate  tube  to  <1x10**  5mm  Hg. 

7.  heat  tube  to  100  - 19C°C. 

0.  Fire  Cs2CrO^-Si  pellet  in  side  tube. 

9.  Heat  cesium  side  tube  and  capillary  to  desired  temperature 
using  small  tube  furnace.  By  controlling  the  temperature 
of  the  side  tube  the  cesium  flow  rate  can  be  controlled 

at  least  approximately. 


XO.  Discontinue  cesium  addition  shortly  beyond  maximum 
thermionic  emission, 

11,  After  discontinuing  cesium  addition  the  thermionic 
emission  rises  a maximum  and  then  falls.  Cool 
tube  after  thermionic  emission  passes  this  second 
maximum. 

12,  Sea!  off  cesium  source  if  it  is  not  to  be  used  &9 
a trap  for  excess  cesium. 

13,  Seal  tube  off  vacuum  system. 

lit.  Measure  spectral  response  using  standard  conditions: 
3o<202.5  volts,  lampo.OO  volts,  slit  width*  0.150  mm, 
and  viV rating  reed  amplifier  at  lew  sensitivity. 

The  procedure  described  above  is  very  similar  to  the 
usual  procedure  for  the  preparation  of  semitransparent 
cathodes.  The  major  difference  is  the  replacement  or  the 
thin  silver  film  hv  a silver  sheet.  The  massive  cathode 
procedure  has  been  extensively  used  tc  studv  the  Ag-O-Co 
surface  because  of  the  relative  simplicity  of  the  procedure 
and  the  ready  reproducibility  of  general  cathode  character- 
istics. 

For  the  experiments  of  type  C,  described  above,  the 
ma~sive  cathode  design  was  only  sligntly  altered.  The 
cesium  trap  was  replaced  by  a bulb  containing  a Cs2Cr0^.-Si 
pellet  mounted  in  a tantalum  or  nickel  cup.  The  large 
canillary  previously  used  to  control  the  cesium  flow  rate 
was  replaced  bv  a section  of  capillary  having  an  accurate- 
ly measured  bore  and  length.  The  dimensions  of  the  capil- 
lary were  so  chosen  that  the  tube  gross  composition  would 
reach  a 2.0  (Cs/Q)  mole  ratio  after  a predetermined  period 
of  time,  at  the  fabrication  temperature , with  a given 
amount  of  oxygen  deposited  on  the  cathode  during  glow 
discharge  oxidation.  To  simplify  the  process  of  choosing 
& capillary  for  a particular  experiment,  the  bore  for  several 
lengths  of  different  size  pyrex  capillary  was  carefully 
measured  and  a large  scale  graph  was  prepared  giving  the 
cesium  .flow  rate  calculated  from  the  molecular  flow  equation 
{2}  as  a function  of  the  fabrication  temperature  and  the 
length  of  the  capillary.  The  measured  diameters  of  the 
capillaries  used  were  as  follows:  2.0L9JO.QQL  mm,  1.113X0.002 
mas  0.915X0.00?  r aa,  and  0.6^70*0,0007  maa. 

The  procedure  used  in  the  preparation  and  characteri- 
zation of  these  type  C cathodes  (see  Section  3,1)  is  as 
follows: 

1.  Lightly  etch  Ag  cathode  with  nitric  acid,  rinse  wirh 
distilled  water,  dry  at  130°C. 

2.  Assemble  tubo  and  seal  to  vacuum  system. 


3.  Oxidize  cathode  v<rith  dc  glow  discharge  in.  oxvren  at 
*£1.7  mn  Her  to  establish  conditions  for  uniform 
oxidation.  If  oxidation  is  non-uniform,  oxidize 
extensively , decompose  oxide  by  heating  in  high 
vacuum  at  LO  0°C  and  re-oxidire.  He  peat,  until  uniform 
oxidation  is  obtained. 

h.  i>egas  tube  at  LQO°C  for  several  hours.  Final  pressure 
less  than  lxlO”°mm  Kg. 

5„  Oxidise  surface  in  hirti  voltage  glow  discharge  to  rive 
the  desired  amount  of  deposited  s^xvgen, 

6.  Evacuate  tub*  to  less  than  1x10“'" mw  Hg.  Actual  final 
pressure  usually  ~lxl0"*6. 

?,  ^ire  CsoCrO^ -Si  pellet  mounted  in  side  tube. 

$ . Seal  tube  off  vacuum  system. 

9.  Mount  tube  in  oven  door  bracket  and  attach  leads  from 
vibrating  reed  amplifier  unit. 

10.  Close  oven  door,  start  timer  and  recorder, 

11.  Measure  thermionic  emission  continuously  and  photo- 
emission  periodically.  Periodically  determine  emission 
current  a3  a.  function  of  voltage.  {See  Section  3.1  for 
results. } 


2,32  Semitransparent  cathodes 

Serrit  ran  a parent,  cathodes  of  two  types  have  been 
studied.  Cathodes  of  the  first/  type  are  prepared  on  bases 
consisting  of  silver  films  of  graded  thickness  (wedges). 
Cathodes  of  the  second  type  are  prepared  on  baser  consisting 
of  silver  films  or  uniform  thickness.  Evaporation  of  silver 
is  continued,  for  cathodes  of  the  second  type,  until  the 
white  light,  transmission  is  reduced  to  50*:  The  wedge  type 

cathodes  were  oxidised  using  a dc  glow  o’ischarge,  as  described 
in  bart  I of  this  report,  series > to  such  a decree  that  the 
portion  of  the  wedge  having  50*'  transmission  Initially  had 
9CfS  transmission  after  oxidation.  Cathodes  of  the  second 
type  were  studied  chiefly  in  the  early  stages  of  the  project 
and  oxidations  were  performed  using  a radio  frequency  (rf) 
glow  discharge.  Transmission  after  oxidation  was  usually 
lass  than  y0%  sine®,  as  explained  in  Part  I,  transmission 
pisses  through  a maximum  as  oxidation  proceeds  and  the  rf 
discharge  oxidizes  so  raoitSiy  that  the  maximum  la  passed 
before  its  presence  is  even  suspected.  Tube  designs  and 
preparation  methods  are  given  below  for  cathode*  of  these 
two  types,  "*K 

To  study  the  effect  of  the  silver  film  base  thickness 
the  tube  design  shown  in  Fig.  11  was  developed.  In  this 
tube  a silver  film  of  traded  thickness  (vredge)  can  be  evapo- 
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rated  and  it  is  also  possible  from  the  "linear"  evaporator 
to  deposit  additional  silver  layers  which  approximate  to  a 
uniform  thickness.  The  contact  3trip  (1  of  Fig.  11)  is 
formed  by  evaporating  a to Id  film  in  the  form  of  a U which 
makes  contact  to  the  outside  by  means  of  a tungsten  wire 
sealed  through  the  glass  envelope. 

The  fabrication  procedure  for  tubes  PT31W  and  PT32W, 
which  are  of  the  wedge  type,  is  as  follows: 

PT;)1W  (see  Section  3*52  for  raaults) 

**17  Assemble  tube  and  seal  to  vacuum  system. 

2,  Degas  at  390°C » 1*5  hours.  Final  pressure s 2x10” 'mm  Hg„ 

3.  Evaporate  silver  wedge  to  give  50$  transmission  at  2.0 
cm  down  from  top  of  gold  strip.  Evaporation  time  1 
minute . 

4*  Oxidise  50$  transmission  silver  to  maximum  transmission, 

83$  T. 

5.  Evacuate. 

6.  Fire  Cs  pellet  in  side  tube  using  induction  heating. 

7.  Heat  tube  to  180°C  (18  minutes)  using  hot  air  oven. 

8.  Distill  in  cesium  from  trap  using  auxiliary  furnace. 

Pass  maximum  thermionic  emission  and  Introduce  some 
excess  cesium  into  the  tube.  Bake  tube  4 minutes  after 
cooling  cesium  source. 

9.  Seal  phototuba  off  from  vacuum  system  and  measure 
spectral  response  using  standard  conditions.  Cesium 
trap  cooled  with  dry  ice-acetone  mixture. 

10.  Bake  Ko.  1 at  160°C  for  1 hour.  Tran  cold. 

11.  Measure  spectral  response.  Trap  cold. 

12.  Bake  No.  2 at  X40°C  for  1 hour.  Trap  cold. 

13.  Measure  spectral  response.  Trap  cold. 

14.  Bake  No,  3 at  130oc  for  10  minutes,  add  cesium.  (Entire 
tube  heated). 

15.  Measure  spectral  response, 

16.  Bake  Wo.  4 at  130°C  for  15  minutes.  Cesium  addition. 
(Entire  tube  heated) , 

17.  Measure  spectral  response. 

18.  Bake  No.  5 At  160°C  for  78  minutes.  Trap  cold. 

19.  Measure  spectnl  response. 


PT32W 

~rr~ 


3. 

4. 


(see  Section  3*52  for  results) 
t)egas  at  350°C  to  7x10“  'mra  Hg. 

Evaporate  Ag  wedge  to  give  Syp  T at  1,3  cm  from  gold 
strip  tip.  Add  Ag  from  "linear*  evanorator  to  give 
50$  T at  1,3  cm.  (Ag  bead  in  wedge  evaporator  too 
small)  • 

Oxidise  50$  transmission  region  beyond  peak  transmission 
to  give  64$  final  transmission  using  dc  glow  discharge. 
Evacuate  tube. 


Fire  Ca2CrOii-Si  pellet  in  side  tube. 

Heat  tube  to  IBO^C  for  17  minutes. 

Distill  in  cerium  from  side  tube  at  1?0°C . Paso 
maximum  thermionic  emission  and  introduce  slight 
cesium  excess.  Cool  Cs  source  and  bake  tube  3 
minutes. 

Cool  tube  arid  tip  off  from  vacuum  system. 

Measure  snectral  response.  Tran  cold. 

Bake  Wo.  1 at  125°C,  25  minutes,  measure  final 
response.  Trap  cooled. 

Bake  No.  2 at  1?5°C,  25  minutes.  Measure  final  spectral 
response,  "rap  cold. 

Svsoorate  As  from  n linear”  evaporator  oast  peak  photo- 
emission. Measure  response.  Trap  cold. 

Bake  No.  3 at  125°C,  75  minutes.  Trap  cold.  Measure 
spectr.nl  response. 

Bake  No.  h at  152°C,  200  minutes.  Trap  cold  but  at 
room  temperature  several  hours  prior  to  spectral  response 
measurement. 

Redetermine  response  IB  hours  later  with  trap  at  room 
temperature  during  entire  time. 

The  semitransparent  50$  transmission  silver  film  tubes 
tefoich  have  been  prepared  differ  from  the  wedge  tubes  described 
above  in  the  following  manner.  The  silver  evaporator  unit 
consisted  of  a s amnio  bead  oilver  source  mounted  in  an  evapo- 
rator unit  similar  to  that  for  the  wedges  and  located  direct- 
ly opposite  the  central  cathode  area.  Contact  with  the 
tungsten  lead-in  wire  was  made  by  the  overlapping  of  the 
evaporated  silver  film  onto  a chemically  deposited  platinum 
ring  contact  surface  formed  on  the  glass  surface.  The  cesium 
addition  was  performed  by  either  (1)  heating  a tantalum 
hannel  containing  Cs^CrO^-Sl  and  mounted  within  the  tube  or 
2)  heating  a side  tuba  cesium  source  similar  to  that  used  in 
the  massive  cathode  tubes.  In  the  case  of  the  semitransparent 
cathodes  prepared  during  the  early  phases  of  the  photosurface 
studies  it  was  not  recognised  that  a maximum  existed  in  the 
percent  transmission  versus  oxidation  time  curve.  Consequent- 
ly for  the  surfaces  of  this  type  discussed  in  the  following 
chapter  the  silver  was,  for  all  practical  purposes,  completely 
oxidised . 

The  general  procedure  For  the  Preparation  of  the  semi- 
transparent 50$  transmission  cathodes  (see  Section  3.31)  is  as 
follows: 

1.  Assemble  tube  and  seal  to  vacuum  system, 

2.  Degas  several  hours  at  375  - 100°C. 

3.  Evaporate  silver  film  tc  50&  transmission. 


5. 

6. 

7. 


«. 

9. 

10. 

11. 

12. 

13. 

U. 


15. 


u.  Oxidize  to  maximum  tror.  omission  vising  rf  or  high 
voltage  ft  low  discharge* 

5.  Evaporate  second  silver  layer  to  rive  50$  transmission. 

6.  Heat  tube  to  ISO  - 190°C . 

7.  Add  cesium  to  maximum  thermionic  emission. 

&.  Cool  cesium  source  to  produce  second  maximum  thermionic 
emission. 

9.  Cool  tube  and  tin  off  from  vacuum  system. 

10.  Bake  at  130°C  for  3 hours. 

11.  Evaporate  silver  to  maximum  white  light  photoemiasion. 

12.  Bake  at  130°C. 

13.  Determine  spectral  response. 


2 • 3 3 %-ray  diffraction  phase 
ident IfTcati on  cathodes 

To  determine  the  chemical  species  responsible  for 
tho  infrared  sensitivity  of  the  Ag-0~.Ce  cathode  a series  of 
massive  cathode  tubes  were  prepared  which  permitted  the 
x-ray  diffraction  determination  of  the  phases  present. 

The  design  of  the  x-ray  nhasa  identification  tube  is 
shown  in  Fig.  12.  The  desired  photoeurface  is  prepared  on 
the  massive  silver  cathode  using  the  technique  described  in 
Section  2.31.  After  determining  the  spectral  response  of 
the  finished  cathode,  a sample  of  the  uhotosurface  is  removed 
bv  scraping  with  a razor  blade  which  is  mounted  in  the  tube. 
Tha  razor  blade  is  manipulated  in  the  evacuated  tube  by  means 
of  a large  permanent  magnet.  After  scraping,  the  sample  is 
shaken  into  the  small  capillary  sealed  to  th©  end  of  the  tube 
and  the  spectral  response  remeasured  to  establish  whether  or 
net  the  photoeraission  changed  during  this  operation. 

The  top  portion  of  rhe  protective  sleeve  surrounding  the 
capillary  is  than  removed  and  an  x-ray  diffraction  photograph 
of  the  sample  in  the  capillary  is  prepared.  Th«  capillary  is 
not  removed  from  the  tube.  Tims,  by  remeasurement  of  the 
spectral  response  after  the  x-ray  photographs  are  prepared, 
it  is  possible  to  establish  whether  any  significant  changes 
have  occurred  within  th©  tube  during  th®  processing. 

The  x-ray  diffraction  photographs  were  prepared  using  a 
flat  film  cassette  camera  with  a 5-cn  sample  to  film  distance 
in  conjunction  with  a copter  target  x-ray  tube.  To  reduce 
the  required  exposure  time,  unfiltered  copper  radiation  was 
used.  In  order  to  definitely  identify  the  lines  resulting 
from  the  copter  Kfa  radifetion  a \ inch  wide  nickel  filter 
strip  was  placed  across  the  central  section  of  the  film* 

Thus,  from  the  variation  in  the  intensity  of  the  lines  ap- 
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pearing  in  the  two  regions  it  was  readily  possible  to 
identify  the  lines  produced  by  the  and  Kf.  radiation. 

In  the  preparation  of  *he  samples  it  vms  necessary  to 
uee  considerable  care  in  scracing  to  obtain  the  maximum 
concentration  of  cCsSium  oxides  relative  to  silver.  In 
general,  the  silver  lines  were  very  intense  and  were 
used  to  calculate  an  accurate  value  for  the  film  to 
sample  distance.  In  the  case  of  several  tubes  the  razor 
blade  was  appreciably  oxidized  during  the  degassing 
operation.  When  this  oxide  film  reacted  with  cesium,  the 
iron  formed  did  not  adhere  well  to  the  blkde  and  consequent- 
ly contaminated  the  ohotosurface  sample.  These  cathodes 
were  not  considered  satisfactory  for  the  phase  identification 
study  since  the  final  cesium  oxide  concentration  was  too  low 
to  permit  definite  phase  identification.  This  difficulty 
was  overcome  by  mount ire  the  silver  3heet  cathode  tightly 
against  the  tube  envelope  with  the  razor  blade  behind  it 
during  oxidation.  Oxidation  of  the  blade  was  thus  elimi- 
nated and  satisfactory  samples  obtained. 


2.4  Tube  Fabrication. 

Radioactive  Tracer  Tubes. 

4 

To  determine  the  nho to surface  gross  composition  it  was 
necessary  to  first  establish  that  during  glow  discharge 
oxidation  only  a negligible  fraction  of  the  oxygen  is  de- 
posited on  the  auxiliary  tube  elements.  For  the  oxidation 
conditions  used,  it  was  found  that  tantalum  did  not  oxidize 
to  an  appreciable  extent  (see  Part  I).  To  define  the  tube 
fabrication  conditions  it  was  also  necessary  to  establish 
that,  at  190°C,  the  silver  oxide  (AgxOy)  decomposition  rate 
was  negligible  for  the  period  of  time  required  to  prepare 
the  surface  (see  Part  U.  A third  requirement  was  imnosed 
by  the  problem  of  determining  the  concentration  cf  radioactive 
cesium  on  the  finished  photocathode.  The  photocathode  shape 
and  area  had  to  be  accurately  reproducible  and  suitable  for 
activity  measurements  with  a Geiger  Counter. 

After  considerable  preliminary  work  the  final  tube 
design  shown  in  Fig.  14  was  developed.  In  this  tube  the 
cathode  surface  consists  of  an  evaporated  silver  film  de-  • 
posited  on  a 22  mm  diameter  microscope  cover  glass  which  is 
mounted  in  a tantalum  clip  cathode  support.  Electrical  contact 
with  th°  silver  support  is  formed  by  a small  tongue  of  evapo- 
rated silver  which  is  inserted  in  the  lower  tantalum  clip. 
During  glow  discharge  oxidation  the  silver  tongue  was  not 
visibly  oxidized  and  thus  the  cathode  area  (2.86cra2)  is  well 
defined.  To  eliminate  cesium  deposition  on  the  back  of  the 
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cathode  cover  glass,  a second  cover  glass  was  mounted  in 
bRck  to  form  a unit*  This  permitted  the  determination 
of  the  cesium  concentration  on  the  backing  surface.  The 
preparation  of  the  radioactive  Cs2CrO, -Si  pellet  was 
discussed  in  Section  2,2C  Vacuum  system  II  (see  Fig.  22 
of  Part  I)  was  used  in  the  preparation  of  these  cathodes. 

The  procedure  used  to  prepare  the  silver  surface 
proved  to  be  important.  It  was  found  that  the  conditions 
used  for  evaporations  heat  treatment,  and  oxidation 
could  exert  a profound  effect  u non  the  photoelectric  and 
thermionic  emission  of  the  final  surface.  The  following 
general  procedure  is  used  to  prepare  the  cathode.  After 
thorough  cleaning  the  microscope  cover  ala30  Is  mounted 
in  a stainless  steel  holder^which  accurately  defines  the 
silver  cathode  area  (2.66cm<;),  This  unit  is  placed  in  a 
definite  position  over  a tantalum  filiament  mounted  in  a 
DPI  vacuum  evaporator  unit.  After  evacuation  and  a glow 
discharge  bombardment  f nearly  spectroscopically  pure 
ailver  is  evaporated  onto  the  cover  glass.  After  mounting 
the  combined  cathode  disc  and  the  backing  disc  In  the 
tantalum  clip  cathode  support,  the  surface  is  given  a 

?reliminary  oxidation  in  an  auxiliary  high  vacuum  system. 

he  oxide  is  then  decomposed  by  heating.  This  step  is 
necessary  in  order  to  obtain  uniform  glow  discharge 
oxidation  and  to  reduce  the  possibility  of  silver  sputtering 
in  the  experimental  tube.  The  tube  as  finally  assembled  is 
shown  in  Fig.  14.  The  approximate  area  of  the  whole  glass 
envelope  ia  $Ocisz, 

The  procedure  involved  in  the  preparation  of  an  experi- 
mental tube  is  as  follows*  (Method  D) 

1.  Define  tube  fabrication  conditions*  the  amount  of  oxygen 
to  be  deposited,  the  final  gross  composition  C3/0  mole 
ratio,  nnd  the  cesium  flow  rate. 

2.  Construct  capillary  and  cesium  source  unit  and  mount 
Cs2^rO^-Si  pellet. 

3.  Evaporate  silver  on  glass  disc  under  specified 

conditions.  {Amount  of  silver  deposited  was  determined 
by  weighing  the  cover  glass  (on  a raicrobalance)  before 
and  after  evaporation  of  silver  layer.) 

4.  Assemble  tube  and  seal  to  vacuum  system  II. 

(Note:  In  some  of  the  later  experiments  this  step  was 
preeeeded  by  repeated  oxidation  and  thermal  decompo- 
sition in  an  auxiliary  vacuum  system  to  assure  uniform 
oxidation.  The  oxide  was  completely  decomposed  just 
before  step  4.  This  procedure  serves,  perhans,  in  some 
measure  to  replace  the  nitric  acid  etch  of  methods  A 
and  B,  for  * roughening”  the  silver  base.) 
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5.  Determine  volume  of  vacuum  ay  stem  with  attached  tube 
using  gas  expansion  technique. 

6.  Calibrate  micro  Pirani  gauge. 

7-  Oxidise  cathode  to  determine  whether  or  not  the 
surface  oxidises  uniformly  and  to  aid  in  cleaning 
up  the  tube  envelope, 

&»  Degas  tube  Cor  approximately  l£  hours  at  approximate- 
ly 3 90°C.  This  also  completely  decomposes  the  oxide 
formed  in  7 above  and  leaves  a clean  silver  surface. 

9.  Gxidite  cathode  to  desired  extent  using  dc  glow 
discharge  in  oxygen. 

10.  Evacuate  tube-. 

11*  Degas  cesium  pellet  and  then  fire  it  using  Induction 
heating. 

12.  Seal  tube  off  vacuum  svatera. 

13.  Add  cesiua,  using  the  oven  system  of  tube  fabrication, 
to  the  desired  extent  then  cool  to  room  temperature. 

14.  Measure  spectral  response  with  Beckman  DU  spectrophoto- 
meter under  standard  conditions. 

15.  Seal  of?  cesium  source. 

16.  Rebake  cathode. 

17.  Remeasure  spectral  response, 

1$.  Puncture  tube  envelope  with  hot  tungsten  rod  and  crack 
envelope  as  shown  in  Pig.  14. 

19.  Remove  cathode  discs  from  tube  envelope. 

20.  Determine  concentration  of  cesium  on  the  cathode  surface 
and  also  on  the  backing  disc  using  the  procedure 
described  in  the  following  paragraphs, 

21.  Calculate  photocathoda  Ce/0  raole  ratio  from  the  measured 
activity  and  the  amount  of  oxygen  deposited  during 
vxidation  end  designate  this  quantity  by  (Cs/O)  count. 

22.  Calculate  phototube  Cs/0  mole  ratio  using  the  capillary 
flow  equation  and  the  -amount  of  oxygen  deposited  during 
oxidation  and  designate  this  quantity  by  (Cs/0)  flow. 

Prior  to  discussing  the  determination  of  the  cesium 
concsnnrat' on  it  is  worthwhile  to  note  that  the  tube  design 
used  is  primarily  determined  by  the  problem  of  determining 
the  concentration  on  the  finished  cathode  surface.  A 

suitable  semitransparent  cathode  tube  in  which  the  cathode 
geometry  is  fixed  and  renroducible  and  the  silver  oxide 
distribution  is  uniquely  defined  is  difficult  to  prepare. 

The  cesixun  determlnat ion  involves  the  comparison  of 
the  cathode  activitv  to  the  activity  of  a set  of  standard 
samples.  The  actual  counting  the  cathodes,  the  backing 
disc,  and  standards,  is  performed  using  the  Geiger-Muller 
tube-sample  geometry  shown  in  Fig.  13 • The  active  glass 
disc  is  mounted  in  a recess  in  a braes  plate.  Since  the  brass 
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plate  is  tirhtly  pressed  against  the  Geiger  tube,  the 
cathode  is  very  close  to  the  mica  counter  window.  More- 
over, in  different  experiments  the  positioning  of  the  - 
cathode  could  be  accurately  reproduced.  A nucleonaater 
sealer  was  used  to  measure  the  counting  rate. 

The  standard  discs  used  to  relate  the  cathode 
activiisy  to  actual  cesium  concentration  are  prepared  in 
the  following  manner.  Silver  films  are  evaporated  onto 
several  cover  glasses  and  partially  oxidized  in  the 
auxiliary  vacuum  system.  The  oxidation  of  the  3urfa.ee 
provides  a substrate  on  which  a drop  of  solution  tends 
to  spread  rather  uniformly  over  the  surface.  Ihirinc  the 
radioactive  pellet  preparation  a 0.025  m£  standard  sample 
is  removed  from  the  solution  containing  a known  concen- 
tration of  added  CsCS,  and  is  deposited  on  the  surface  of 
the  oxidized  silver  described  above.  Several  standard 
samples  are  prepared  in  this  manner  for  every  batch  of 
tracer  CapCrO^  prepared.  The  standards,  having  an  activity 
of  approximately  5,000  counts  per  minute,  are  measured  each 
time  a cathode  is  counted  to  eliminate  possible  errors 
associated  vrith  the  reproducibility  of  the  Oeiger-Muller 
counter-tube.  Th^s  rather  elaborate  process  for  preparation 
of  standards  is  used  in  order  that  the  environment  of  radio- 
active cesium  in  the  standards  be  ns  nearly  as  possible  like 
that  in  an  actual  cathode.  Thus  the  radioactive  samples  are 
distributed  in  the  same  xvay  with  respect  to  the  Geiger  tube 
and  counting  errors  minimized.  At  the  same  time  the  stopping 
power  of  the  cathodes  for  f particles  must  be  closely  similar 
to  that  for  the  standards  although  the  thinness  of  the 
oxidized  layer  orobably  makes  the  error  due  to  the  latter 
factor  small  in  any  case.  Thickness  of  the  oxidized  layer 
{'vZOOOA  at  most)  is  snail  in  comparison  to  the  mica  window 
of  the  counter  tube  ( 2 % at  most). 

In  counting  the  cathode  and  standards  sufficiently 
long  counting  tiroes  are  used  to  assure  an  accuracy  of  1 % in 
the  number  of  counts.  The  cathode  backing  disc  activity  is 
normally  measured  for  a period  of  time  corresponding  to  a 
probable  error  of  1056.  After  correcting  the  observed  counts 
for  the  background  and  counter  dead  time  the  cesium  concen- 
tration is  calculated. 

The  above  procedure  can  best  he  illustrated  by  means  of 
an  example.  The  ce3ium  chloride  solution  for  nellet  batch 
#1  was  made  up  by  adding  19.936  mi  of  tracer  solution  to 
0*1^15  grams  of  non-radioactive  CsCJt  to  form  a solution  con- 
taining 7.1^3  mg  cesium  per  m&.  (The  amount  of  cesium  in 
the  tracer  is  negligible  compared  to  the  amount  of  non-radio- 
active cesium  in  CaCt) . Since  0,02$  mJt  are  placed  on  each 
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standard  it  follows  that  each  standard  contains  Q.180  rag 
Cs,  now  consider  the  experimental  data  on  phototube 
659-33.  The  cathode  activity  was  15,265153  counts/ain. 
While  the  activity  of  the  standard  measured  simultaneous- 
ly was  L293i2/*6  counts  per  minute  the  background  being 
62  c/m.  The  deviation  shown  for  the  standard  is  the 
evarage  deviation  of  the  counting  rates  for  five  discs 
from  the  moan.  In  order  to  cor-sct  for  counter  dead  time 
\«re  use  the  formula 


R % 


R1 

UPt 


where  R^  is  the  observed  count,  t is  the  counter  dead 
time  (200  micro  sec)  and  R is  the  corrected  count.  Thus 
we  find  for  the  corrected  counting  rates  (subtracting 
background)  cathode  16,009  c/m,  standard  1,278  e/m.  The 
counting  rate  per  rag  cesium  is  1.273/. 160* 23, 766 .and  hence 
the  cathode  contains  0,6736  mg  Cs  or  5.072x  10“°  gm  atom3 
Cs. 


The  uncorrec-ted  counting  data  for  all  the  tubes  con- 
taining radioactive  cesium  are  given  in  Table  VI.  The 
preparation  of  these  tubes  and  the  significance  of  tho  data 
are  fully  discussed  in  Section  1.  we  wish  her©  to  call 
attention  to  the  behavior  of  the  standards . Tubes  from 
659-12  to  1538-165  inclusive  were  made  up  from  the  same 
batch  of  Si-C32CrO^  pellets.  The  same  standards  were  used 
in  all  of  these  cases  and  hence  the  counting  rates  for 
standards  of  this  series  given  in  Table  VI  represent  re- 
counts on  the  same  set.  of  discs.  In  the  105  days  which 
elapsed  between  the  pre Deration  of  659-12  and  1538^165  the 
counting  rate  of  the  standards  decreased  by  about  twice  as 
much  as  would  be  anticipated  from  the  reported  half  life 
of  This  might  be  due  to  an  error  in  the  reported 

half  life.  It  is  more  probably  due,  however,  to  some 
systematic  change  in  measuring  technique  such  e.g.  as  the 
Geimer  tube.  It  is  for  precisely  this  reason  that  standards 
are  re-counted  at  the  same  time  as  a cathode  activity  is 
measured.  In  all  cases  the  amount  of  cesium  in  a cathode  is 
calculated  by  ccmuarison  of  cathode  activity  to  the  activity 
of  the  standard  measured  at.  the  a am#  time . Thus  systematic 
changes  in  the  Geiger  tube  are  corrected  for.  There  is 
another  possibility,  however,  which  must  be  mentioned.  It 
is  possible,  although  unlikely,  that  the  counting  rates  for 
the  standards  decreased  more  rapidly  than  expected  because 
of  Loss  of  active  material.  The  question  is  raised  not 
because  of  the  behavior  of  standards  but  because  of  the 
behavior  of  the  cathodes.  It  was  found  that  cathodes  which 
had  been  standing  in  the  laboratory  (after  removal  from  the 
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TABLE  VI.  RADIOACTIVE  FHOTOCATHODSS 


Tub©  No. 

Counts  per 

Minute 

iRjandards 

"kathode 

EacKing  Background 

Disc 


659-161 

4653-69(4) 

1269! 22 

45019 

59 

659-19 1 

X 45331231 

13) 

1924*  1 

183*1 

57 

659-26  ( 

4771*43 

3) 

10644!  2 

370*12 

67 

659-33  ) 

4293*2461 5) 

15265*58 

350*2 

62 

659-42  > 

k 0135176(4) 

2486*  20 

500 tl 

63 

659-46 

8442170' 

u 

,) 

1812*9 

293*5 

90 

1566-111 

8441* 17$ ( 

4) 

2128122 

159*2 

66 

1566-122 

U 7644t37(4) 

4489*16 

17112 

36 

1566-130 

{ 7681*1 57 ( 

3) 

6754*44 

303*7 

80 

1566-137 

7820*70 

3 

5054*25 

187*10 

87 

1566-145 

7574*40 

(3) 

2080+25 

382*12 

96 

1566-165 

6960+87 

(2) 

15331*96 

164*4 

86 

1583-130 

^ 7506*129 ( 

6 

15000*35 

23717 

79 

1566-166 

7563*119( 

A 

9122+65 

286*2 

71 

1506-192 

>3  7429*121 < 

|6) 

5415*31 

122*4 

ai 

v,n*» 

1583-198 

7305*116(6) 

3277*3 

202 

74 

1506-200 

J 7300*135(6) 

4627+20 

179 

68 

XI  Pellet  batch  #1:  '2’ac'h  standard  contains  O.lScF  mg.  cesium. 
2,  Pellet  batch  #2:  ?*ach  standard  contains  0.471  rag.  cesium. 


3,  Pellet  batch  #3*  Sach  standard  contains  0.320  rag.  cesium* 

Hotet  The  deviations  given  for  the  standards  are  mean 
deviations  of  the  average  counting  rates  for  the 
various  discs  from  the  average  of  all  discs. 

These  deviations  therefore  give  a measure  of  the 
scatter  among  various  discs.  The  remaining 
deviations  arise  as  the  result  of  several  measure- 
ments on  the  same  sample  and  hence  indicate  the  , 
deviation  in  counting  rate  measurement. 


4 


101 


oho to tube ) tended  to  lose  activity  much  more  rapidly  than 
the  standards.  This  behavior  was  finally  traced  to  the 
transfer  of  active  material  from  the  cathodes  to  the 
surrounding  containers  in  which  they  were  stored.  We  can 
only  attribute  this  to  the  fact  that,  cesium  oxides  in  the 
cathode  are  gradually  converted  to  cesium  hydroxide  in 
air  and  the  latter  substance  is  deliquescent.  On  absorbing 
moisture  crystal  fracture  and  spattering  occurs  which 
distributes  material  through  the  surroundings.  This  is 
lees  likely  with  the  standards  since  they  contain  CsGJL 
which  is  not  deliquescent.  Moreover,  verv  little  activity 
could  be  detected  in  the  surroundings  in  this  case  so  the 
error  introduced  is  probably  small.  Even  if  we  attribute 
the  whole  difference  between  the  measured  activity  of  the 
standards  and  that  computed  from  the  half  life  to  loss  of 
active  material  it  would  amount  to  only  about  6*  and  we 
are  inclined  to  think  that  the  actual  error  from  this 
source  is  verv  much  leas  than  this  maximum  estimate  es- 
pecially since  there  is  no  reason  to  think  that  a Qeiger 
tube  gives  reproducible  results  over  an  extended  period  of 
time.  One  final  point  must  be  noted.  In  the  second  column 
of  Table  VI  the  number  in  p&rsnthesea  gives  the  number  of 
standard  discs  counted.  It  will  be  noted  that  for  tubes 
1583-130,  137p  and  145,  only  three  were  counted  and  for 
1563-165  only  two.  This  arises  because  one  disc  and  then 
another  departed  so  widely  from  a regular  trend  that  the 
results  were  considered  unreliable  and  were  omitted  from 
the  average.  These  changes  took  place  abruptly  and  rather 
strongly  suggest  that  some  active  material  was  accidently  - 
removed  from .these  two  standard  discs,  perhaps  in  handling. 
If  all  standard  discs  had  been  included  in  the  average  the 
counting  rates  for  the  1533-130,  137,  and  145,  standards 
would  decrease  by  less  than  5 # below  the  figures  given  in 
th®  table.  In  the  case  of  tube  1568-165,  however,  a 
decrease  of  10#  would  occur.  It  is  believed  that  the 
result®  included  in  the  table  are  correct  but  there  is  an 
element  of  judgement  involved  In  the  case  of  the  four  tubes 
mentioned  which  is  significant  in  the  case  of  1588-165,  In 
the  remaining  cases  no  question  arises.  It-  will  be  evident 
from  the  discussion  of  Section  4 that  even  the  largest  of 
the  above  errors  does  not  influence  the  interpretation  of 
the  data. 

It  is  of  interest  to  have  some  estimate  of  error 
involved  in  the  determinations.  Talcing  into  account  all 
factors  including  errors  in  pressure  measurement,  loss  of 
oxygen  on  heating,  errors  in  counting  rate  measurement  etc. 
we  have  estimated  15#  as  the  maximum  error  in  a single 
observation  of  the  (Cs/0)  ratio  ana  the  probable  error  as 
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about  3$.  The  results  of  these  experiments  are  discussed 
in  detail  in  Section  4. 

It  must  finally  be  noted  that  the  lo3s  i»  activity 
of  the  cathodes  mentioned  above  has  no  influence  on  the 
accuracy  of  measurement.  For  the  change  in  activity  was 
measured  after  the  cathode  had  been  removed  from  the 
phototube  envelope  and  was  exposed  to  air.  If  a graph 
1b  constructed  of  loss  in  activity  a3  a function  of  time 
and  a straight  lino  drawn  through  the  somewhat  scattered 
points  then  the  slope  of  the  line  indicates  a loss  of 
about  U*  per  day.  The  cathode  count,  used  in  the  compo- 
sition measurement,  was,  however,  taken  not.  more  than 
twenty  minutes  after  fracturing  the  phototube  envelope 
and  hence  the  I033  in  activity  is  negligible. 
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3,  PHOTOELECTRIC  AND  THERMIONIC  EMISSION 


It  has  previously  bean  pointed  out  several  times 
that  the  Ag-O-Cs  photoeathode  Is  difficult  to  prepare 
reproducibly * On  account  of  this  variability  it  was 
necessary  to  conduct  a good  deal  of  essentially  explora- 
tory work  so  as  to  establish  the  most  suitable  con- 
ditions for  cathode  preparation  in  our  own  work.  Much 
of  this  work  is  described  in  the  present  section  and  is 
organised  in  such  a war  as  to  indicate  the  effect  of 
various  process  variables  which  have  been  studied. 

Along  with  this  work  experiments  have  been  conducted  in 
which  the  photoelectric  and  thermionic  emission  are  con- 
tinuously followed  as  cesium  is  slowly  added  to  an 
oxidized  silver  cathode  (see  Section  3.1) ♦ These  Ex- 
periments showed  immediately  that  the  cathode  reactions 
are  slow.  This  fact  and  others  inferred  from  the  ex- 
periments on  slow  cesium  addition  have  been  very  useful 
in  interpreting  the  observations  made  during  the  course 
of  the  exploratory  experiments  described  above.  For 
this  reason  these  experiments  are  discussed  first,  in 
Section  3.1« 


3*1  Development  of  Thermionic 
and  Photoelectric  Emission 

The  development  of  photoelectric  and  thermionic  e- 
mlssion  during  the  formation  of  a photosurface  has  been  " 
extensively  studied.  In  this  investigation,  to  avoid 
complications  associated  with  the  structure  of  thin 
silver  films,  a series  of  massive  silver  cathodes  were 
prepared  at  150°  and  190°C  using  the  apparatus  described 
in  Section  2.12*  Since  the  products  of  oxidation  of 
silver  sheet  under  controlled  conditions  are  relatively 
reproducible  we  are  able  to  study  the  effect  of  various 
variables  on  the  reaction  between  cesium  and  silver  oxide. 
Thus  the  effect  of  varying  the  ratio  of  the  number  of 
cesium  atoms  to  the  number  of  oxygen  atoms  can  be  studied 
without  the  introduction  of  extraneous  factors  connected 
with  the  silver  base. 

To  make  the  results  accurately  comparable  the  same 
cathode  and  capillary  were  used  to  prepare  several  tubes. 
This  was  possible  because,  after  the  preparation  of  one 
cathode,  the  oxides  could  be  removed  by  rinsing  the  tube 
with  dilute  nitric  acid.  This  did  not  introduce  any 
additional  contamination  since,  in  any  case,  it  is  the 
practice  to  roughen  the  silver  surface  by  means  cf  etching 
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with  nitric  acid.  This  is  followed  of  course,  by 
thoroughly  rinsing  with  distilled  water  and  drying. 

It  sight  seem  at  first  sight,  as  it  seemed  to  us,  .. 
that  the  studv  of  scan  variable,  such  as  thermionic 
emission,  as  a function  of  cesium  content  would 
clearly  indicate  the  apoearance  of  a new  solid  phase. 

For  the  appearance  of  a new  nhaoe  would  be  attended 
by  an  abrupt  change  in  slope  of  a curve  of  thermionic 
emission  as  a function  of  amount  of  cesium.  Since  the 
phase  equilibrium  diagram  is  known  (see  Fig.  1)  this 
would  locate  the  point  at  which  a phase  boundary  is 
crossed.  This  program  does  not  work  out  well  in 
practice  because  the  cathode  reactions  take  place  slow- 
ly. It  is  nevertheless  useful  to  consider  the  solid 
phases  expected  (at,  equilibrium)  at  each  (Cs/O)  mole 
ratio  since  this  provides  a prediction  which  can  be 
compared  with  the  experiment.  We  consider  the  two 
temperatures,  150°  and  190°C , at  which  photocathodes  are 
commonly  prepared. 

According  to  the  phase  diagram,  the  addition  of 
cesium  to  oxygen  (from  oxidised  silver)  at  190°C  results 
in  the  formation  of  the  following  species  If  equilibrium 
is  established: 


Composition 

1.  0<(Ca/0)<0.3 

2.  0.5<(Cs/0)<0.66 

3a.  0.66<(Cs/0)<1.00 

b.  1.00<(Cs/0)<2.00 
or  4.  0.66<(Ca/0)<2.00 

5.  2.00<(Cs/0)<2.91 


Phase 

«°2(.) 

Cs02is)+Cs2°3(g) 

Ca2°3(s)+Cs202(s) 

C®202(g)+Cs20(s) 

C82°3(3)+Ca2n(s) 

C820(S)+C8(^) 


containing 
dissolved 
oxygon . 


Thus  at  190°C  solid  cesium  oxide  phases  richer  in  cesium 
than  Cs20  may  not  be  formed.  The  sequence  of  step  3 or  4 
is  in  doubt  since  at  the  time  of  writing  it  had  not  been 
unequivocally  established  whether  the  oxide  Dhase  Cs20;2 
may  be  formed  by  direct  reactions,  i.e.  whether  it  could 
be  a possible  metastable  phase.  At.  150°C  the  following 
additional  phases  mu3t  be  added  to  tho  sequence 

6,  2.0<(Cs/0)<3.0  Cs20(s)*g»30(s} 


7.  3.0<(Cs/0}<3.29 


^s3g( (D  containing  dis- 
solved oxygen. 
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Say&aa  has  reported  that  equally  good  photosurfaces 
may  be  formed  in  the  composition  range  2.0<JCb/0K3.0. 
Consequently  it  i*  of  interest  to  establish  whether 
or  not  the  phase  C33O  is  in  reality  a good  infrared 
photoemitter.  In  addition  it  is  of  interest  to 
establish  the  ®ffect  ^ the  very  slow  decomposition  of 
silver  oxide  at  190°C  on  the  emission  characteristics. 
At  150°C  the  rate  of  decomposition  would  be  negligible. 


3.11  Continue us  cesium 
addlt ion 


To  investigate  the  development  of  photoelectric 
and  thermionic  emission  during  continuous  cesium  addition 
two  tubes,  PT44  and  PT16  were  prepared  at  190°C,  and 
tube  PT52  at  150°C,  During  the  oxidation  step,  13  micro- 
gram  atoms  of  oxygon  were  deposited  on  the  cathode  of 
P?44  and  13.5  on  PT  1.6,  while  microgram  atoms  were  de- 
posited in  PT52.  These  amounts  are  sufficient  for 
oxidation  of  the  cathodes  to  th8  second  order  yellow  color. 
The  corresponding  molecular  flow  equation  cesium  flow 
rates  are  as  follows:  PT44  - 15.1x10”®,  PT46  - 7.2xl0”8, 
and  PT5?  - 9. #4x10"°  moles/min.  It  is  to  be  noted  that 
the  cesium  flow  rate  for  PT46  is  approximately  half  the 
rate  for  PT44  and  corresponds  to  the  deposition  at  190°C 
of  a cesium  monolayer  on  the  cathode  every  0.1  minutes. 

The  tube  PT44  was  the  first  cathode  prepared  using 
the  oven  system  of  fabrication  (see  Section  2.12)  to  study 
the  development  of  thermionic  emission  during  cesium  ad- 
dition. The  thermionic  emission  as  a function  of  time  is 
shown  in  Fig.  15*  The  character  of  the  tube  current, 
conduction  or  thermionic,  was  established  by  determining 
the  variation  of  current  with  the  applied  voltage.  During 
the  first  #0  minutes  and  beyond  200  minutes  the  current  was 
proportioned  to  voltage  and  thus  was  an  ohmic  conduction 
current  arising  from  a conducting  filftt  on  the  tube  envelope. 
In  the  region  between  90  and  190  minutes  the  voltage- 
current  relationship  exhibited  a saturation  effect  typical 
of  thermionic  emission.  In  Fig.  15  the  points  corresponding 
to  CS2C3  and  CB2O  gross  composition  were  computed  using  the 
intermediate  pressure  flow  equation  and  correcting  for  the 
oven  warm  up  time.  This  gives  the  ratio  of  total  cesium 
entering  the  tube  to  total  oxygen  (gross  composition)  with 
an  error  not  exceeding  5*. 

The  thermionic  emission  curve  has  two  maxima,  one  at 
141  minutes  corresponding  to  (Cs/C)sl»5  and  one  at  164 
minutes  corresponding  to  (Cs/0)»1.7.  The  rapid  decrease 
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in  thermionic  emission  between  1&0  and  390  minutes 
extrapolates  t.o  zero  thermionic  emission  at  a gross  * 
composition  of  nearly  C32O.  As  discussed  later trie 
two  maxima  in  thermionic  emission  arise  due  to  the  fact 
that  not  only  the  front  but  also,  to  some  extent,  the 
back  surface  of  the  cathode  was  oxidized  during;  the 
plow  discharge  oxidation.  Onl"  one  maximum  is  observed 
on  cathodes  with  the  back  surfaces  shielded. 

The  above  experiment  is  essentially  a repetition 
with  some  variation  ic. arrangement , of  the  work  of 
Campbell2^  and  Sayama2  . The0result.s  differ  from  thoge 
of  both  Campbell™  and  Sayana**1  in  one  important  respect. 
Whereas  they  found  that,  a maximum  in- thermionic  emission 
coincides  rather  accurately  with  the  composition  (Cs/0)=2, 
we  do  rot  find  such  coincidence.  In  fact,  both  maxima  of 
Fig.  15  occur  at  {Cs/O}  ratios  significantly  less  than  2. 

The  difference  between  this  experiment  and  those  of 
Campbsll  and  Savama  is  probably  due  to  two  factors | (1) 
the  differing  proportions  of  cesium  on  the  tube  envelopes 
and  (2)  variations  from  uniform  cathode  cover aye  by  cesium. 
Reaction  of  cesium  with  the  glass  envelope  was  reported  by 
Prescott,  and  Kelly^®  and  has  been  amply  confirmed  in  our 
own  work  (see  Section  4.1).  This  factor  tends  to  make  the 
(Cs/O)  ratio  of  Fig.  15  larger  than  the  (Ce/03  ratio  for 
the  cathode  itself.  It  is  not  easy  to  see  how  the  non- 
uniform  distribution  of  cesium  ovar  the  cathode  would  affect 
thermionic  emission.  If  the  front,  ©♦’  the  cathode  received 
more  cesium  than  the  back,  os  seems  probable,  then  the 
thermionic  emission  mimht  reach  a maximum  before  the  back 
(which  is  somewhat  oxidized)  had  reacted  completely.  This 
would  shift  the  maximum  to  lower  (Cs/O)  ratios.  It  is 
found,  however,  that  even  with  the  back  cf  the  cat node 
shielded  the  thermionic  emission  maximum  does  not  come  at 
(Cs/O)  ratios  of  2 (see  Section  4.1).  It  is  found  in  general 
that  the  nosition  of  the  highest  maximum  ( 3ee  Fig.  15)  can  be 
reproduced  in  experiments  which  involve  the  same  ratio  of 
cathode  area  to  tuba  envelope  area  arid  in  which  the  cathode 
is  placed  in  the  same  way  with  res Deer  to  the  carillary  inlet. 
When,  however,  the  experimental  photocell  is  drastically 
changed  there  is  a chanma  in  nosition  of  the  maximum  (see 
Sections  3*17  and  4,1  for  examples) . 

It  is  evident  from  these  considerations  that  the  (Cs/O) 
ratios  based  or  total  cesium  entering  rhe  photocell  cannot 
be  as  sin. ied  equal  to  the  (C3/0)  ratios  on  the  oho  to  cat  node . 

The  radiotracer  experiments  described  in  Section  4,1  are 
necessary  in  order  to  establish  the  (Cs/O)  ratio  for  the 
cathode.  We  shall  anticipate  the  results  of  Section  4.1„ 
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however,  by  remarking  that  the  photocells  of  this  section 
apparently  are  loss  afrected  by  the  two  factors  mentioned 
earlier  than  anv  others  which  we  have  studied.  For  the 
(Cs/f)  ratios  at  maximum  thermionic  emission  aro  closer 
to  those  for  tho  cathode , presented  in  Section  1.1.  than 
for  cells  of  any  other  ty~e , This  remark  also  applies  to 
the  cells  of  the  next  section  (3.12). 

Inspection  of  Fig.  15  immediately  shows  that  thermionic 
emission  does  not.  accord  well  with  the  hypothesis  that 
chemical  phase  eoui librium  is  established  in  the  photo- 
cathode. For  if  phase  equilibrium  v/ere  established  then  a 
sharp  change  in  slope  is  to  be  ex-pect.ed  wKen  phase  bounda- 
ries are  crossed.  This  should  occur  at  (Cs/O)  ratios  of 
0.6?  and  2 since  new  compounds  (Cs2Ch  and  C^O)  would  be 
formed  at  these  compositions  if  equilibrium  prevailed.  This 
is  clearly  not  the  case.  It  is  evident,  however,  that, 
thermionic  emission  is  somehow  related  to  the  phase  equi- 
librium diagram.  For  thermionic  emission  exhibits  a tendency 
to  riee  beyond  (Gb/0)sC,67  and  falls  nearly  to  zero  just 
beyond  (Cs/0)*2.  The  question  of  phase  eouilibrium  is  again 
discussed  below. 

The  development,  of  photoelectric  as  well  as  thermionic 
emission  during  continuous  cesium  addition  at  190°C  was 
investigated  with  tube  PT1.6.  Since  the  data  obtained  during 
the  ^reparation  of  PT Lh  suggested  that  with  a cesium  flow 
rate  of  16  monolayers  per  minute  the  rate  of  reaction  ’was 
slower  than  the  rata  of  addition,  the  cesium  flow  rate  was 
halved.  The  thermionic  and  photoelectric  emission  for  PT46 
as  a function  of  time  are  shown  in  Fig.  16.  The  thermionic 
emission  curve  Is  very  similar  to  that,  for  PT44.  The  photo-  * 
electric  emission,  for  each  of  the  series  of  filters, 
exhibits  two  maxima  cone id ing  with  the  appearance  of  the 
thermionic  emission  maxima.  From  the  figures  it  is  evident 
that,  the  thermionic  and  photoelectric  emissions  during  cesium 
addition  do  not  exhibit  a 1:1  correlation.  The  second  thermionic 
maximum  at  395  minutes  is  twice  ns  high  as  the  first  maximum. 
The  F«^  infrared  responses  at  the  two  peaks,  ho’wever,  are 
equal;  The  Fj_  and  *2  responses  at  the  second  maximum  are 
slightly  treater  than  at  the  first  maximum. 

During  tho  preparation  of  this  cathode,  the  cesium  source 
was  cooled  from  3^5  to  355  minutso  by  placing  moistened  cotton 
or.  the  cesium  source  bulb.  This  reduces  the  vapor  pressure  of 
cesium  end  effectively  halts  the  audition.  The  thermionic 
emission  increased  immediately  to  a maximum  and  then  decreased 
a3  indicated  by  the  dotted  curve  in  Fig.  16A.  Tho  Photo 
response  also  exhibits  a marked  increase  as  shown  bv  the 
dotted  curve  in  Fig.  16B.  In  fact,  cooling  the  cesium  source 
doubles  the  infrared  response  corresponding  to  a very 
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large  increase  in  the  response  beyond  £80  mp*  This 
behavior  on  cooling  the  cesium  source  strongly  suggests 
that,  rates  of  the  reactions  at  the  nhotosurface  actual- 
ly are  slower  than  the  rat,s  of  cesium  deposition.  This 
is  true  despite  the  reduction  in  cesium  flow  rate  to 
one  half  that  for  rTLU. 


,The  cesium  addition  was  continued  until  the  thermionic 
emission  had  decreased  from  875  to  0.91  mm  (10^  range). 

As  cesium  is  added  beyond  the  second  maximum . the  infrared 
sensitivity  steadily  decreases  while  the  visible 
response  steadily  increases.  Cooling  the  cathode  to  room 
temperature  results  in  an  increase  in  the  Fi  response 
without  significantly  changing  This  indicates  that 

the  spectral  response  is  increasing  at  wavelengths  shorter 
than  775  ra>*  It  is  worthwhile  to  note  that  during  the 
cooling  of  the  tube  with  a gross  composition  2*(Cs/G)<C3 
the  equilibrium  chases  formed  would  be  CsgQjs)  and  Cs^0(S). 


The  development  of  photoelectric  and  thermionic 
ernis-  ion  during  continuous  cesium  addition  at  15Q°C  was 
investigated  --rith  tube  PT52.  Ir»  this  case  the  cesium 
addition  rate  is  intermediate  between  that  of  PT/+1  and  PT46. 
The  thermionic  and  photoelectric  emission  data  for  PT52  are 
3h-  vm  In  Fig.  17A  and  B resnectively . Prom  a comparison 
of  this  figure  to  Fig.  16  for  P'r>i6  it  is  evident  that  the 
general  features  of  the  emission  are  cmite  similar  in  the 
two  cases. 


The  maximum  nhotoeraission  is  obtained  at  the  gross 
composition  (Cs/0)*1.5  whereas  the  maximum  thermionic  e- 
mission  appears  at  (Cs ,6.  During  the  processing  it  was 
observed  that  at  (Cs/0)*1.5i0.2  there  was  a marked  photc- 
activation  of  the  thermionic  emission  which  increased  the 
thermionic  emission  after  illumination  to  a value  higher 
than  if  there  had  been  no  illumination.  The  sharp  peak  in 
thermionic  emission  i3  produced  by  photoactivation.  The 
maximum  emissions  actually  occur  at  approximately  the  same 
gross  composition  at  150°  and  I90°C.  The  absence  of  a 
marked  first,  thermionic  emission  maximum  at  150°C  is 
probably  related  to  a slight  difference  in  tube  geometry 
compared  to  the  190°C  tubes. 


From  the  appearance  of  the  photoemissicn  curves  it 
seams  that  three  different  types  of  photosurfaces  are 
formed  during  continuous  cesium  addition  = In  the  vicinity 
of  maximum  thermionic  emission  the  surface  having  maximum 
infrared  sensitivity  is  formed.  As  the  cesium  addition  is 
continued,  at  190°  and  150°C,  beyond  maximum  thermionic 
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emission  the  nhotocnission  rapidly  decreases  to  a 
second  state  characterized  bv  a low  response.  At 
150°C  the  resultant  surface,  on  the  basis  of  the  filter 
response,  is  characterized  by  long  wavelength  limit 
greater  than  o30  n^but  less  than  1000  nyfc.  Further 
addition  of  cesium  at  150°C  results  in  a surface  without 
appreciable  Ft  response,  and  a very  low  F2  response 
corresponding' to  a long  wavelength  limit  in  the  vicinity 
of  F00  np.  These  surfaces  at  150°0  are  also  character- 
ized  by  a very  Iw  thermionic  emission.  It  is  observed 
at  150^0  that  shortly  before  the  gross  composition  03-5,0 
is  reached  the  emission  starts  to  change  from  a thermionic 
emission  to  a conduction  current.  This  is  indicated  by 
the  *hact  that  the  tub*  current  becomes  directly  ororortional 
to  the  applied  voltage  and  the  reverse  polarity  current- 
equals  the  correct  polarity  current.  At  this  point,  for 
the  tube  design  used,  the  equivalent  resistance  is  of  the 
order  of  lxl0xx>  ohms.  Cooling  a cathode  with  only  a 
slight  excess  of  cesium  results  in  a marked  decrease  in 
the  conduction  current,  suggesting  the  presence  of  a 
surface  semiconducting  film. 

Despite  the  fact  that,  phase  equilibrium  is  not  exact- 
ly established  it  is  interesting  that  the  appearance  of  a 
conduction  current  can  be  roughly  correlated  with  the 
phase  equilibrium  diagram.  Reference  to  the  phase 
equilibrium  diagram  shows  that  at  1°0°C  a liquid  solution 
of  oxygen  in  cesium  is  not.  expected  until  the  gross  tube 
composition  CspO  is  exceeded,  whereas  at  !50°C  this 
solution  is  not  expected  until  the  composition  Cs^O  is 
exceeded.  The  fact  that  very  rapid  increase  in  conduction 
current  takes  place  soon  after  these  compositions  are 
exceeded  (see  Figs.  15  and  17A)  suggests  that  a film  M' 
conducting  liquid  is  forming  on  the  tube  envelope  -i.'d, 
moreover,  that  the  system  is  not  too  far  removed  from 
phase  equilibrium. 

The  results  indicated  by  Figs.  15,  16,  17  suggest  that 
thermionic  emission,  and  photoelectric  emission,  arc- 
developing  as  the  result  of  something  which  takes  place 
within  a layer  of  material  considerably  thicker  than  .a 
monolayer.  The  maxima  in  emission,  indicated  bv  the 
figures,  occ nr  after  amounts  of  cesium  have  been  deposited 
which  correspond  to  several  hundred  monolavers.  A 
considerable  bulk  of  material  in  therefore  involved.  This 
result  was  indicated  by  the  initial  work  of  I^R.  Keller-*-1? 
and  has  been  confirmed  bv  Campbell^,  Sayama'“x  and  others. 
However,  very  small  amounts  of  cesium  in  excess  of 
equilibrium  can  markedly  affect  the  cathode  as  is  evident 
from  the  results  of  the  next  section. 
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3.12  Interrupted  cesium 
edditTon  ■ ■ - - 

In  order  to  explore  more  fully  the  suggestion 
that  slow  solid  phase  transformations  are  occurring  in 
the  nhotocathode  several  tubes  have  been  prepared  at 
150°C  and  190°C  In  which  cesium  flow  is  interrupted 
several  tiiaes.  The  general  characteristics  of  the 
phenomena  observed  are  he3t  illustrated  by  the  data  for 
PTL7,  190 «C,  and  PT53,  15C°C. 

In  the  fabrication  of  these  tubes  the  following 
oxidation  and  cesium  flow  conditions  were  used: 

Gs  Flow  Rate 

“772x10-8* 

6.56xlO”B 

The  flow  rates  listed  were  computed  using  the  molecular 
flow  equation,  and  thus  the  rates  are  approximately  10^ 
high.  The  cathodes  were  oxidised  to  the  second  order 
colors,  PT47  to  a light  green  and  PT53  to  the  second 
order  yellow.  The  detailed  calculation  of  the  (Cs/0) 
ratio  as  a function  of  time  was  not  attempted  because  of 
the  uncertainties  introduced  by  the  periodic  cooling  of 
the  cesium  source. 

The  changes  in  the  thermionic  and  photoelectric 
emission  of  PTl+7  when  the  cesium  source  was  cooled  at 
various  processing  stages  are  shown  in  Figs.  IS  and  19. 

In  the  thermionic  emission  region  before  the  first 
maximum,  cooling  the  cesium  source  results  in  a rapid 
decrease  in  the  thermionic  and  photoelectric  emission 
as  shown  in  Fig.  1$A.  As  the  first  maximum  is  approached, 
cooling  the  cesium  source  results  in  an  initial  increase 
in  both  thermionic  and  photoelectric  emission,  followed  by 
a decrease  to  a value  less  than  existed  before  cooling. 
Reintroducing  cesium  causes  the  emission  to  increase  to  a 
second,  maximum  followed  by  a decrease  to  the  original  value 
observed  baforx?  cooling  the  cesium  source.  In  PTA7  the 
first  maximum  occurred  at  375  minutes.  Thus  the  curves  in 
and  C illustrate  the  changes  in  thermionic  e~ 
mission  in  the  region  of  this  first  maximum.  It  is  of 
interest  to  nets  that  corresponding  to  the  decrease  in 
thermionic  emission,  the  Infrared  emission  decreases 
without  mark*f4  changes  in  the  , i.e.  visible, 

response « lb. Is  suggests  that  there  actually  may  exist  two 
kinds  of  centers  giving  rise  respectively  to  the  visible 
and  infrared  sensitivity,  the  latter  being  related  to  the 
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thermionic  emission. 

As  the  second  maximum  in  thermionic  emission  is 
approached,  cooling  the  ce3ium  source  results  in  a 
rapid  increase  id  hath  the  thermionic  and  photoelectric 
emission,  followed  by  a slow  decrease.  'The  rate  of 
decrease  of  emission  beyond  the  peak  talus'  deere<iB©s  on 
aogroacbing  the  second  maximum  (compare  Fig,  IS  to  Fig, 

% 

Cooling  the  cesium  source  at  510  minutes  (second 
maximum  in  thermionic  emission  at  500  minutes)  results 
in  an  increase  in  the  thermionic  and  photoelectric  e- 
mission  to  a slmble  maximum  value  as  shown  in  Fig.  19E. 

The  momentary  warming  of  the  cesium  source  at  53l 
minutes  produced  an  immediate  decrease  in  the  emission. 
Recooling  the  cesium  source  restored  the  emission  to 
the  original  value*  Considering  that  the  actual  rate 
of  cesium  addition  corresponds  to  the  deposition  of  less 
than  7 layers  of  cesium  per  minute  on  the  cathode  at 
190°C , the  rapid  rate  of  decrease  of  thermionic  emission 
with  warming  of  the  ce3ium  source  is  rather  surprising. 

The  cooling  of  the  tube  during  the  momentary  opening  of 
the  oven  door  would  contribute  to  a decrease;  however, 
this  must  not  be  important  since  recooling  the  cesium 
source  resulted  in  an  immediate  increase.  Actually,  the 
time  required  to  place  the  mol3t  cotton  on  the  bulb  is 
significantly  longer  than  is  required  for  its  removal. 

Thus  the  amount  of  cesium  required  to  depress  the  omission 
of  the  "stable"  surface  at  190°C  is  verv  small.  It  is 
shown  in  Fig.  19S  that  this  addition  of  cesium  practically 
eliminates  the  F5  sensitivity;  thuB  the  long  wavelength 
limit  shifts  toward  the  visible  upon  the  addition  of  a 
small  amount  of  cesium. 

At  minutes  the  cesium  addition  was  resumed,  and 
within  2.5  minute 8 the  thermionic  and  photoelectric  e- 
mission  had  declined  to  values  less  than  existed  at  the 
second  maximum  in  thermionic  emission.  Cesium  addition 
was  continued  for  approximately  ten  minutes  and  the  cesium 
source  recooled.  The  thermionic  and  photoelectric  emission 
again  increased  to  the  maximum  values,  but  at  a slightly 
lower  rate  than  at  the  previous  cooling  (10  minutes  compared 
to  0 minutes  to  obtain  maximum  emission).  The  entire  tube 
was  finally  cooled  to  room  temperature,  producing  a further 
increase  in  infrared  sensitivity  as  discussed  in  the  follow- 
ing section. 
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The  changes  observed  during  the  cooling  of  the 
cesium  3ource  at  150°C  are  illustrated  by  the  data 
for  PT53  as  shown  in  Fig.  20.  During  the  initial 
fabrication  of  PT53  the  cesium  source  was  cooled  at 
0.57  (Cs/0)  and  1.60  {Cs/0} , In  contrast  to  the 
tubes  fabricated  at  190°C,  both  the  thermionic  and 
photoelectric  emission  rapidly  increased  toward 
"stable*  maximum  values.'  In  addition  the  (Fj-Fg) 
response  is  observed  to  increase  to  a greater  decree 
than  the  Fj  response.  Thus  there  is  occurring  a 
significant  increase  in  the  photoelectric  emission  at 
wavelengths  shorter  than  aporoximately  900  mji* 

9 

A comparison  of  the  relative  photoerai scions  for 
the  two  (Cs/0)  ratios  is  shown  in  Table  VII.  These 
data  suggest  that  the  spectral  resc>onse  curves  of  the 
two  surfaces,  0.57  (Cs/0)  and  1.60  (Gs/0) , have  the 
same  shapes. 

In  the  preparation  of  PT51  at  150°C  it  was  observed 
that,  at  0.33  (Cs/0) , cooling  the  cesium  source  results 
in  a rapid  decrease  in  emission  whereas  at  0.66  (Ca/0) 
the  emission  increases  steadily  to  a limiting  value.  It. 
is  of  interest  to  note  that  in  Savama?s  study  of  the 
vapor  pressure  of  cesium  over  the  Ag-O-Ca  surface  at 
145°C,  the  cesium  pressure  was  les3  than  10”10ram  Hg 
during  cesium  addition  for  {C3/0)  less  than  l.A. 

The  foregoing  experiments  become  understandable  on 
ths  basis  of  the  hypothesis  that  a thin  layer  of  cesium 
collects  on  the  cathode  surface.  As  long  as  cesium 
flows  into  the  photocell  a steady  state  concentration  is 
maintained  on  the  surface  because  the  reaction  of  this 
surface  film  with  the  solids  on  the  interior  is  slow. 
According  to  this  view  the  removal  of  cesium  from  the 
vapor  phase  is  not  the  slow  step.  Instead,  cesium  is 
rapidly  adsorbed  on  the  surface  from  the  vapor.  It  Is 
the  subsequent  reaction  of  the  adsorbed  layer  which  is 
slow.  This  view  is  supported  by  Sayama*  s measurements 
of  cesium  pressure  within  the  ceil  during  the  addition 
of  cesium  to  a nhotocathodc . The  pressures  obtained  are 
so  much  lower  than  the  vapor  pressure  of  liquid  cesium 
(several  orders  of  magnitude)  that  rapid  removal  of  cesium 
from  the  vapor  is  clearly  indicated.  The  observation,  at 
190°C,  that  stopping  the  cesium  flow  causes  first  a rise 
and  then  a fall  in  thermionic  emission  strongly  indicates 
the  existence  of  an  optimum  concentration  of  adsorbed 
cesium.  Departure  from  the  optimum  cencerd  ration,  either 
above  or  below,  causes  a reduction  in  thermionic  emission. 
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FIG,  20  A.  EFFECT  OF  CESIUM  SOURCE  CCOLIKG  AT  1?0°C  - FT53. 
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TABLE  VII.  EFFECT  OF  CESIUM  SOURCE  COOLING 
ON  RESPONSE  AT  150°C . PT53 


[Za/Gj  St&p^© 

VF1 

Vi 

VF1 

White  Li$ht  (F.) 
Response 
{mm  10*) 

0.57  Before  Cool 

0.294 

0.1C3 

0.065 

0.035 

1.07 

After  Cool 

0.332 

0.161 

0.103 

0.061 

1.31 

1.60  Before  Cool 

0.262 

0.115 

0.07S 

0.04S 

159.0 

After  Cool 

0.333 

0.116 

0.125 

0.066 

ISO.  5 
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It  seems  necessary  at  this  point  to  comment  more 
fully  on  the  terms  "adsorbed  cesium"  and  "excess  cesium". 

If  we  think  of  a layer  of  cesium  collecting  on  a 
particular  oxide , such  as  CsjO,  this  does  not  mean  that 
an  "excess"  is  formed  beyond  the  stoichiometric  ratio  of 
two  atoms  of  cesium  to  one  of  oxygen.  There  is  no 
assurance  that  the  solid  trcmpoimd  encountered  in  these 
cathodes  possesses  a composition  corresponding  to  the 
exact  stoichiometric  ratio  indicated  by  the  formula  CspO. 
Although  we  have  no  evidence  to  indicate  a large  departure 
from  the  formula  CsjO  we  have,  at  the  same  time,  not 
established  that  small  departures  do  not  occur*  We  shall 
therefore  use  the  term  excess  cesium  to  indicate  an  excess 
beyond  that  required  for  eouilibritxm  rather  than  an  excess 
beyond  a stoichiometric  ratio.  We  think  of  "adsorbed 
cesium"  as  constituting  a surface  layer  of  cesium  deposited 
on  a solid  which  may  be,  however,  a non-stoichiometric 
compound.  With  this  interpretation  of  "excess  cesium"  it 
must  be  pointed  out  that  the  amount  required  to  constitute 
an  "excess"  may  change  ae  reaction  proceeds.  For  the 
equilibrium  established  will  depend  on  the  phases  present 
and  as  one  solid  phase  is  replaced  by  another  the  equilibrium 
reached  will  also  change. 

Whan  the  above  mechanism  was  first  discussed  in  Progress 
Report  No.  6 it  was  thought  that  the  only  plausible  mechanism 
for  reaction  with  the  adsorbed  layer  was  by  diffusion  through 
an  intermediate  protective  layer  of  CsoO,  C32O3  or  some  other 
oxide  of  cesium.  It  has  since  been  pointed  out  that  the  very- 
slow  decomposition  of  silver  oxide  at  190°C  may  also 
contribute.  In  this  case  a reaction  between  oxygen  in  the 
vapor  phase  end  adsorbed  cesium  would  be  responsible  for 
reduction  of  the  surface  concentration  of  cesium.  It  should 
be  pointed  out  that  the  decomposition  rate  of  silver  oxide 
is  negligibly  small  in  comparison  with  the  rate  of  flow  of 
cesium  through  the  csoillary  except  possibly  when  the  source 
is  cool.  At  150°C  the  decomposition  rate  is  negligible 
under  all  circumstances.  The  reason  for  invoking  this  second 
possibility  ie  discussed  below. 

The  increase  in  thermionic  emission  to  a "stable  maximum" 
bevond  (Cs/0)el.7  at  190®C  and  beyond  (C3/0)s0,6  at  150°C 
presents  problems  of  interpretation  which  are  somewhat 
confusing.  In  order  to  show  the  nature  of  the  difficulty 
let  us  supDose,  momentarily,  that  the  rate  of  diffusion 
through  an  Intermediate  layer  is  the  sole  cause  of  the  slow 
cathode  reaction.  Then  both  the  rise* 'anti  fall  of  thermionic 
emission  in  Fig.  19  would  be  governed  by  tKe“"sanie  factor. 

At  higher  (Cs/0)  ratios,  and  consequently  at  larger 
thicknesses  of  intermediate  layer,  the  rate  of  reaction  of 
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the  adsorbed  cesium  layer  should  be  reduced.  Consequent- 
ly both  the  rise  and  the  subsequent  decline  in  thermionic 
emission  should  he  slower.  Inspection  of  Fin;.  19 
indicates,  however,  that  the  rate  of  rise  in  thermionic 
emission  does  not  greatly  change  as  the  (Cs/O)  ratio 
increases  but  the  rate  of  decline  becomes  markedly  less 
at  high  (Cs/O)  ratios.  It  is  this  fact,  among  others, 
which  suggestB  that  the  ri3e  and  fall  of  thomionlc  e- 
mission  are  the  result  of  the  operation  of  two  factors 
one  being  predominant  in  the  early  stare  of  reaction  and 
the  second  in  the  later  stage  of  reaction.  The  suggestion 
that  a slow  thermal  decomposition  of  silver  oxide  is 
involved  was  made  in  order  to  account  for  the  second  of 
the  above  factors,  the  concopt  of  a diffusion  controlled 
reaction  being  retained  to  account  for  the  first  factor 
a^ove.  Thus,  as  the  (Cs/o)  ratio  increases,  a stage  is 
ultimately  reached  at  which  silver  oxide  has  largely 
reacted  and  the  fall  in  thermionic  emission  no  longer 
takes  place.  On  the  other  hand  as  long  as  (Cs/0)<2 
some  cesium  oxide,  containing  more  oxygen  than  CB2O,  must 
be  present  {perhaps  0*8203)  and  the  rate  of  reaction  of 
cesium  with  this  oxide  is  still  slow.  This  reaction  could 
still  account  for  the  partial  reaction  of  adsorbed  cesium 
which  in  turn  accounts  for  the  initial  rise  in  thermionic 
emission  on  cooling  the  cesium  source.  The  preceeding 
discussion  has  been  concerned  with  interpreting  the 
reactions  at  190°C.  At  150°C  it  is  found  that  beyond 
(Cs/0)*-0.6  thermionic  emission  rises  to  a "stable  maximum" 
and  does  not  decline  when  the  cesium  source  is  cooled  and 
maintained  cool  for  periods  up  to  about  a half  hour.  Very 
long  periods  have  not  bsen  studied.  This  fits  nicely  into 
the  above  mechanism  since  the  decomposition  of  silver  oxide 
is  negligibly  slow  at  150°C.  For  the  sake  of  clarity  the’ 
mechanism  discussed  above  has  been  made  me  "e  specific  than 
is  really  necessary.  It  is  only  necessary  that,  two  factors 
be  ojxsratlve  whose  relative  importance  changes  with  both 
(Cs/O)  ratio  and  with  temperature  in  the  manner  described 
above.  In  particular  it  is  obvious  that  a thermal 
decomposition  of  silver  oxide  and  subsequent  reaction  of 
oxygpn  gas  with  the  surface  layer  is  not  essential  to  the 
mechanism.  The  existence  of  a silver  oxide  below  a 
protective  layer  of  a higher  cesium  oxide  would  be  equally 
satisfactory  provided  diffusion  occurs  through  the  inter- 
mediate layer.  'The  data  probably  do  not  justify  a more 
detailed  interpretation. 

There  is  one  more  item  which  deserves  consideration. 
Merely  cooling  the  cesium  source  does  not  completely  halt 
the  flow  of  cesium  although  it  is  greatly  reduced.  It 
might  nevertheless  seem  possible  that  the  rate  of  cesium 
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addition  even  wit n the  sovirce  cooled  might  be  sufficient 
to  maintain  the  concentration  of  adsorbed  cesium  at  its 
optimum  value  especially  in  the  later  stapes  of  reaction. 

At  100°C,  however,  the  cesium  flow  rate  with  the  source 
cooled  is  only  sufficient  to  introduce  0.01  cathode 
raonolavers  oar  minute.  Other  experiments,  to  be  described 
later,  shew  that  0.01  monolayer  is  not  enough  cesium  to 
markedly  affect  photosensitivity  even  at  room  temperature 
where  the  reaction  rates  are  negligibly  slow.  At  190°C , 
where  reaction  rate  is  much  faster,  this  amount  of  cesium 
does  not  seem  sufficient  to  account,  for  the  observations. 

At  150°C  the  flow  rate  with  cooj.ed  source  is  about  six 
times  larger  because  a larger  capillary  was  used  in  order 
to  obtain  a flow  rate,  with  heated  source,  nearly  the  same 
«3  that  at  190°C.  This  amount  of  cesium  might  be  sufficient 
to  influence  the  results  but  not  enough  to  account  for  the 
whole  difference  between  the  observations  at  190°C  and  150°C, 

Since  the  above  mechanism  proposes  that  a steady  state 
concentration  of  adsorbed  cesium  is  built  up  during  cesium 
addition  we  might  expect  that  the  results  would  be  influ- 
enced tc  some  degree  bv  changing  the  cesium  flow  rate.  This 
was  investigated  with  tube  PT19  prepared  at  190°C  using  a 
larger  diameter  capillary  than  for  PTi*7.  In  the  case  of 
PT19  thq  cesium  flow  rate  was  3^»^xl0~®moles/min.  and 
3, 5xlO*,5tnoleo  of  oxygen  were  taken  up  on  glow  discharge 
oxidation.  The  cesium  source  was  cooled  several  times 
during  cesium  addition  so  the  composition  determinations 
are  somewhat  rough.  Allowing,  however,  for  the  time  during 
which  the  source  was  cooled  and  fer  oven  warm  up  time, 
maximum  thermionic  emission  was  obtained  at  (Cs/0)*1.77. 

The  time  required  was  1&0.5  minutes  including  the  21  minutes 
that  the  cesium  source  was  cool.  The  net  time  to  reach  the 
maximum  was  139*5  minutes,  correction  being  made  for  time 
of  cooling  of  cesium  source  and  for  oven  warm  up  time. 

Only  one  maximum  was  found.  A first  maximum  such  as  that  of 
Fig.  15  was  not  observed. 

Up  to  (Cs/0)»0.#7  in  PT19  cooling  the  cesium  source 
resulted  first  in  a rise  in  thermionic  emission  and  then 
a fall  similar  to  Fig.  19.  At  (Cs/Q)s0.37  a slow  decline 
in  thermionic  emission  set  in  only  after  the  cesium  source 
had  been  cool  for  5 minutes  while  at  (Cs/0)~1.17  no  decline 
was  observed  even  after  10  minutes.  The  latter  observation 
was  marie  at  a stage  of  processing  roughly  comparable  to 
that  for  PTJ*7  shown  in  Fig.  19C,  In  Fig.  19C  the  decline 
in  thermionic  emission  is  clearly  evident  within  3 minutes. 
The  difference  here  is  probably  due  to  the  increase  in 
.„3sium  flow  rate.  The  concentration  of  the  adsorbs!  'esium 
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lfm»r  is  undoubtedly  much  rren ter  in  P?l»9  and  moreover, 
the  reduction  of  silver  oxide  probably  proceeds  faster. 

Nothing  in  this  behavior  contradicts  the  mecnenisra 
proposed  above.  Cooling  the  cesium  source  ror  FT19 
after  the  thermionic  emission  maximum  was  passed  re- 
sulted in  an  emission  increase  of  more  than  six  fold 
whereas  for  PTU7  the  increase  was  less  than  three  fold. 

This  again  points  to  more  cesium  in  the  adsorbed  layer 
of  PT49  than  for  PT1+7  as  would  be  expected  from  the 
higher  flow  rate.  It  was  also  found  for  PT49  that 
coolinr  the  cesium  source  caused  a large  inc  ease  in  Fo 
response  (two  or  more  slightly  beyond  (Cs/0)*1.S)  but 
very  little  change  in  ~n  -'’ct  t.he  response 

was  nearly  constant  bevond  (Cs/0)*1.5  whether  the  cesium 
source  was  cool  or  not.  this  illustrates  again  that  the 
adsorbed  cesium  layer  chiefly  affects  the  infrared 
response  of  tubes  nreoared  at  190°C.  Both  visible  and 
infrared  resDonses  are  affected  in  tubes  processed  nt 
150°C  the  effect  on  infrared  response  being  more  pro- 
nounced. 

We  must  also  mention  that  other  investigators,  e,g, 
Campbell20  and  Sayamn2!,  have  remarked  that  thermionic 
emission  increases  on  cooling  the  cesium  source  after 
maximum  thermionic  emission  is  passed.  They  attribute 
this  to  the  distillation  of  cesium  back  from  the  cathode 
into  the  source.  Our  experiments  show,  however,  that 
this  cannot  be  correct  since  thermionic  emission  rises 
whether  the  cesium  source  is  cooled  before  or  after  the 
maximum  thermionic  emission.  Moreover,  '£ayamaTs~eesium 
pressure  measurements  show  that  the  pressure  in  the  photo-* 
cell  is  too  low  to  permit  back  distillation.  The  evidence 
in  favor  of  slow  cathode  reactions  is,  in  our  ooinion, 
ova  rwh  e 1 min g * 

In  conclusion  it  seems  worthwhile  to  describe  a 
tentative  chemical  picture  of  a finished  infrared-sensitive 
phstocat.bode  based  on  the  results  of  the  present  section 
and  those  of  Section  3*H»  "he  results  s'->ovm  in  Figs,  15, 

16,  17  suggest,  that  Cs?0  is  essential  for  photoelectric 
and  thermionic  emission  since  the  currents  are  small  until 
the  composition  CspO?  is  massed  and  become  snail  again 
when  the  composition^corresponding  to  CspO  is  substantially 
exceeded.  The  results  of  the  present  section  show  that,  in 
addition,  a very  small  amount  of  cesium  (adsorbed  cesium) 
has  a nronounced  effect  on  both  thermionic  amission  and  infra- 
red response.  To  obtain  maximum  infrared  sensitivity  this 
small  amount  of  adsorbed  cesium  must  be  near  the  optimum. 

It  is  implied  from  the  previous  discussion  that  once  silver 
oxide  is  completely  reduced,  at  190°C,  then  this  optimum 
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amount  of  adsorbed  cerium  is  attained  quickly  on  stopping 
cesium  flow  and  is  retained  for  fairly  long  periods  even 
when  the  cathode  is  kept  at  190°C , Moreover,  if  cesium 
addition  is  st.oooed  near  the  maximum  in  thermionic  e- 
mission  the  (Cs/O)  ratio  is  significantly  less  than  2, 

Henco  for  ouch  a cathode  some  other  oxide  of  cesium,  such 
ns  CspO-v,  must  be  present,  The  picture  then  is  of  a 
cathoSe^contalning  CgoO,  CsjOql0),  a slight  excess  of 
"adsorbed”  cesitim,  ana  metallic  silver  scattered  through 
the  oxides  which  fom  the  cathode,  "he  fact  that,  on 
cooling  the  cesium  source,  the  thermionic  emission  rapid- 
ly approaches  to  an  asvmptotic  val.ue_ '-nich  then  remains 
nearly  constant  for  considerable  periods  of  time  (at  190°G) 
suggests  that  equilibrium  is  reached.  In  order  to  account 
for  the  rise  in  thermionic  emission  on  cooling  the  source 
it  is  necessary  to  assume  that,  one  cesium  oxide  (CS2O3?) 
reacts  with  cesium  to  ^orn  CS2O  which  is  known  on  chemical 
grounds  to  occur.  The  implication  then  becomes  strong 
that  this  higher  oxide  functions  as  a "regulator”  which 
oxidises  cesium  to  a sufficient  degree  to  achieve,  or  near- 
ly achieve,  the  optimum  concentration  of  adsorbed  cesium. 

In  other  words  the  chemical  equilibrium 

Cq20^'KIs(  adsorbed)  C82O 

is  established.  The  higher  cesium  oxide  is  orohably  not 
the  source  of  nhotoelectrons  since  a Photocathode  carried 
only  to  the  composition  CS2O3  does  not.  exhibit  oithT 
thermionic  emission  or  infrared  sensitivity,  CspO,  mixed 
with  silver  and  having  adsorbed  cesium  atoms,  is  then 
indicated  as  the  source  of  nhotoelectrons . Nevertheless 
the  higher  oxide  seems  to  have  a useful  function  as  the 
"regulator"  which  fixes  the  amount  of  residual  adsorbed 
cesium  at  the  proper  value  to  provide  maximum  (?)  sensitivi- 
ty, On  the  basis  of  this  view  it  is  easy  to  see  why 
silver  oxide  must  be  completely  reduced.  For  investigation 
has  shown  that  the  oxide  produced  in  the  glow  discharge  is 
a powerful  oxidising  agent  proha'-lv  caoable  of  reducing 
tho  cesium  concentration  to  such  a degree  that,  concentration 
of  the  ad  "orbed  layer  is  below  optimum.  Hence  it  must,  be 
completely  removed  (at  190°C)  or  the  rate  of  reaction 
slowed  down  by  lowering  the  temperature  (to  150°C). 

Avi  obvious  means  for  testing  this  picture  is  to 
increase  the  (C  5/0  ) ratio  for  the  photocathode  beyond  2. 

Then  it  seems,  at  first  sight,  that  infrared  sensitivity 
would  be  permanently  lost,  if  the  above  vie’--  is  correct. 

For  the  higher  oxide  would  then  be  completely  reduced  and 
a large  excess  of  cesium  would  remain  on  t'nn  cathode. 
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When  this  test  is  actually  applied,  however,  a number 
of  complicating  factors  arise.  In  order  to  illustrate 
one  of  these  wo  consider  the  results  obtained  on  tube 
PT53  fabricated  at  150°C.  It  ia  evident  from  Fig.  17 
that  continuous  addition  of  cesium  to  a photocell  at 
150®C  results  in  a low  infrarod  response  once  the  (Ca/o) 
ratio  exceeds  2 and  this  seams  to  agree  with  the 
hypotheses  outlined  above.  In  PT53,  however,  the 
addition  of  cesium  was  continued  to  a (Ce/C)  ratio  of 
2»$  where  a semiconducting  film  collects  on  the  tube 
envelope.  Cesium  addition  was  interrupted  at  various 
points  and  the  tube  was  baked  with  the  cesium  source 
cool  until  thermionic  emission  rose.  The  tube  was  then 
cooled,  the  spectral  response  determined  with  the  Beckman 
spectrophotometer,  and  then  it  was  heated  again  and  cesium 
addition  resumed.  This  was  repeated  eight  times  six  of 
these  being  beyond  \Cs/0)*2.  In  each  case  the  thermionic 
emission  rose  on  baking  and  the  spectral  response  curve 
obtained  for  the  cool  tube  was  typical  of  a good  infrared- 
sensitive  photocat.hode.  This  behavior  is  certainly  not 
explained  b7  th®  slmplo  hypothesis  outlined  above.  When 
this  experiment  was  first  performed  it  immediately  raised 
the  question  of  whether  C33O  might  be  the  source  of  photo- 
electrons and  it  also  raised  the  question  of  whether  the 
hypothesis  of  CS2O  plus  a "regulating"  higher  oxide  of 
cesium  had  any  validity  whatever.  The  subsequent  experi- 
mental work  has,  however,  tended  to  confirm  this  idea 
and  to  indicate  that,  the  rather  unexpected  results  obtained 
with  PT53  are  due  to  two  complicating  factors.  The  first 
of  these  involves  the  reaction  of  cesium  with  the  tube 
envelope  and  the  second  involves  the  formation  of  a volatile 
oxide  of  cesium  when  the  cathode  (Cs/O)  ratio  exceeds  2. 

Both  of  these  phenomena  are  demonstrated  by  the  radiotracer 
investigation  (Section  Jv.l),  The  manner  in  which  these 
factors  can  cause  complication  is  beat  indicated  by  the 
baking  times  required  to  recover  thermionic  emission  and 
infrared  sensitivity.  The  change  in  thermionic  emission 
•*ith  time  after  cooling  the  cesium  source  at  (Cs/0)»1.6  is 
shown  in  Fig.  2QS.  Thermionic  emission  rises  rapidly  at 
first  and  then  approaches  & plateau  within  about  20  minutes. 
At  (Ce/0)*-2.82,  however,  thermionic  emission  rises  almost 
linearly  for  a period  of  an  hour  after  cooling  the  cesium 
source  with  no  sign  of  approaching  a limit,,  After  an  hour 
the  thermionic  emission  was  only  2Q0  am (10 5 range)  at. 
(Ca/0)X2«S2  compared  to  1000  rmnllO^  range)  at  (cs/0)al.6 
after  20  minutes.  Long  baking  times  are  therefore  required 
when  (Gs/0)>2  and  within  such  Ion  1 periods  substantial 
reaction  with  glass  or  other  tube  elements  is  possible  and 
is  known  to  occur  (see  Section  A.l).  When  (Cs/0)>2 
reaction  with  glass  is  promoted  because  of  the  formation  of 
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a volatile  oxide*  These  considerations  show  that  the 
cathode  reaction  is  indie.  *-eb  by  the  behavior  of 
thermionic  and  photoelectric  emission  within  the  first 
few  minutes  after  cooling  the  cesium  source.  Sxtended 
baking  may,  and  usually  does,  have  a pronounced 
influence  on  the  photocathode  but  the  chemical  reaotior.3 
which  occur  involve  the  transport  of  material  away  from 
the  cathode  and  hence  the  results  do  not  clearly  indicate 
what  is  occurring  in  the  cathode  itself.  The  concept  of 
a "regulator”  which  controls  the  amount  of  adsorbed 
cerium  io  apparently  not  rendered  invalid*  It  is  merely 
that  beyond  (Cs/0)*2  the  "regulator"  becomes  the  photo- 
cell envelope  rather  than  a higher  oxide  of  cesium  within 
the  cathode  itself.  At  the  name  time,  however,  the 
reaction  rate  becomes  much  slower.  Beoaus9  of  these 
complications  it  has  proved  impossible  to  obtain  a simple 
and  clear  cut  proof  of  the  idea  that  a higher  oxide  of 
cesium  controls  the  cesium  excess  when  (Cs/0)<.2.  Never- 
theless, this  view  seems  to  be  in  accord  with  a consider- 
able mass  of  data  which  has  accumulated  and  which  is 
described  in  subsequent,  sections.  This  discussion  antici- 
pates to  some  extent  the  results  of  subsequent  sections. 

It  Is  mentioned  here  to  indicate  why,  in  subsequent 
sections,  so  much  attention  has  been  devoted  to  the  study 
of  the  baking  process  and  why  the  results  are  so  difficult 
to  interpret,  although  they  are  apparently  of  practice! 
importance.  A number  of  examples  which  show  the  effect  of 
extended  baking  are  given  in  Sections  3.2,  3.3  and  3*k. 
These  are  usually  nard  to  understand . 


3.13  Sffect  of  temperature  on 
photoelectric  emission 

During  the  investigation  of  the  development  of 
t'nermionio  and  photoelectric  emission  at  150°C  and  190°6 
a very  interesting  phenomenon  was  observed  on  cooling  the 
equilibrated  tube.  After  forming  the  ” stable”  photo- 
surface  at  the  elevated  temperature  the  tubes  were  rapid- 
ly cooled  to  room  temperature,  during  this  cooling  process 
a marked  increase  In  infrared  response  occurred.  This  is 
illustrated  In  Pig.  21  by  the  data  for  tubas  PT1.7,  PT U& 
and  PT&9  fabricated  at  19G°C. 

During  fabrication  of  PTi.7,  PTi.3  and  PT'49  the  cesium 
source  was  cooled  shortly  beyond  the  maximum  thermionic 
emission  and  the  tubes  equilibrated  at  the  reaction 
temperature  with  the  cesium  source  cool. 
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FIG.  21  C.  (Cox,t 


After  the  thermionic  emiesion  and  photoemlRsion  for 
PT47  became  stable  at  190^0,  the  entire  tube  was  quickly 
cooled  to  roots  temperature  by  opening  the  oven  door. 

During  cooling  there  was  a taarksd  increase  in  the  infrared 
response  ae  shown  in  Fig.  21A.  In  this  figure  cooling  of 
the  tube  begins  at  591  minutes.  The  Fs  response  {\>880  mp) 
tripled  when  the  cesium  source  was  cooled  at  190°Cj  cooling 
to  room  temperature  almost  tripled  the  response  again. 

During  this  process  the  (F^-Fg'  response  did  not  significant- 
ly change,  and  thus  the  changes  in  spectral  response  during 
cooling  to  room  temperature  are  occurring  primarily  in  the 
infrared  region  beyond  as f*.  The  cooled  surface  was 

characterised  by  a peak  photo emission  wavelength  of  970 
a long  wavelength  limit  beyond  1500  a /%  and  a wavelength 
at  half  maximum  photocurrent  of  1075  mj**. 

Tube  PT4$  was  prepared  Rising  the  same  glass  envelope,' 
cathode  and  capillary  used  in  the  preparation  of  PTA7.  The 
cesium  flow  rate  was  therefore  the  sane  as  for  PTk?,  name- 
ly 7«2xl0“s  moles/minute.  In  the  oxidation  of  PTi»$  only 
0.93&C10-5  gramatCTas  of  oxygen  was  dooosited.  With  this 
extent  of  oxidation  the  silver  grain  structure  of  the  base 
was  readily  visible  through  the  oxide  coat.  During 
fabrication  at  190°C , the  cesium  source  was  cooled  after 
passing  the  second  maximum  in  thermionic  emission.  Pooling 
the  cesium  source  at  190°C  increased  the  thermionic  e- 
mission  from  2000  to  5^50  mm  (105  range)  and  increased  the 
F2  response  from  160  to  250  mm  (105  range)  without  a very 
marked  change  in  the  and  ?«;  responses.  This  was 
undoubtedly  related,  in  part, 'to  the  fact  that  the  cesium 
source  had  been  cooled  several  times  previously.  During 
these  previous  operations  a marked  increase  in  the  F^  and 
F5  responses  did  occur.  Thus  In  P?4S  cooling  the  cesium 
source  finally  produced  a change  in  trie  spectral  response 
primarily  in  the  775  to  £80  region. 

After  the  amission  at  190°C  with  the  cesium  source 
cool  had  become  atabiliead,  the  entire  tube  (PT4&)  was 
cooled  to  room  temperature  beginning  at  231  minutes.  The 
cooling  in  this  case  v/as  slowed  down  by  varying  the 
thermostatic  control.  As  shown  in  Pi g,  2 IB  a significant 
increase  in  the  infrared  response  was  obtained  on  cooling 
to  155°$ • Cooling  the  tube  in  the  oven  from  155°C  to  lkO°C 
resulted  in  a slight  increase  in  the  Ft  and  F2  responses. 

The  tube  was  then  cooled  to  room  temperature Bur  in  or  this 
period  tharo  was  a further  increase  in  the  response.-  The 
final  spectral  response  had  a maximum  at  950  a long 
wavelength  limit  at  1550  oyv  and  the  wavelength  at  half  maxi- 
mum photocurrent  was  10o5  ad*%  In  the  fabrication  process 
the  thermionic  omission  before  the  tube  was  cooled  was 


5700  am  105  for  PT17,  and  5^50  ma  10*  for  PT43,  a 
difference  of  4*  On  cooling  the  tubes  to  room 
temperature  the  spectral  response*  of  the  surfaces 
were  similar  in  shape  but  the  integral  sensitivity  of 
PTU7  was  more  than  three  times  larger  than  for  PTM). 

This  again  illustrates  the  point  that  then  is  not  a 
lJl  correspondence  between  the  photoemi3slon  and 
thermionic  emission. 

In  the  preparation  of  PT19  the  same  cathode  as 
for  PTt.7  wae  used  but  the  amount  of  oxygen  deposited 
was  increased  from  l.TlxlO"*  to  3.5xlO“"rgramatgms  and 
the  cesium  flow  rate  was  increased  from  7.2xiG~°  to 
3$.3xlO~8  moles  per  minute.  During  the  fabrication  the 
cesium  source  of  PT19  was  cooled  throe  different  times 
after  the  peak  in  thermionic  emission  was  passed.  The 
thermionic  emission  maximum  during  cesium  addition  vaa 
525  mm  (105  range)  and  before  the  fifth  cool  thermion!© 
omission  decreased  to  150  wa  (10?  range).  On  cooling 
the  cesium  source,  the  thermionic  omission  increased 
rapidly  from  150  to  1250  mm  (10?  range),  with  the 
and  ?2  responses  increasing  from  £?0  to  1J+00  and  190  to 
610  mm  {105  range)  respectively.  At  261  minutes  (see 
Fig.  21C ) the  tube  was  cooled  to  room  temperature 
producing  the  increase  in  photoemission  shown  in  Fig. 

21C.  At  the  elevated  temperature,  as  shown  in  Fig,  21C, 
the  tube  had  not  reached  eefuilibrium  emission.  This 
photosurface  on  prolonged  illumination  through  Fi  and  ?2 
filters  at  room  temperature  exhibited  a "fatigue"  effect. 
This  "fatigue"  produced  the  decreases  in  Fi  F2,  and 
sensitivity  as  shorn  at  279  minutes  in  Fig.  21C; 

During  the  dark  period  there  was  a partial  re e<  very  of 
photosensitivity.  This  phenomenon  was  not  investigated 
in  detail  since  it  was  observed  to  occur  to  a measurable 
degree  only  at  this  stage  of  fabrication  of  this  particular 
tube.  The  tube  was  then  reheated  to  190°C  with  the  cesium 
source  cold.  During  the  heating  the  photoemisnion 
remained  relatively  constant  to  13/V°C»  Between  131  and 
150°C  the  photooraission  decreased  to  the  original  190°C 
values  (see  Fig.  21C). 

After  reheating  PT19  to  190°C  cesium  was  added,  until 
the  thermionic  emission  was  just  replaced  by  a conduction 
current  and  'the  cesium  source  was  recooled.  The  conduction 
current  gradually  decreased  and  the  thermionic  emission 
returned.  The  thermionic  emission  increased  to  a final 
stable  value  of  1050  mm  10?  compared  to  1220  during  the 
previous  cesium  cool  and  1600  nsn  10?  during  the  fourth 
cesium  cool.  This  increase  in  photoelectric  and  thermionic 
emission  at  190°C  after  introducing  excess  cesium  is  very 
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probably  due  to  reaction  of  a volatile  cesium  oxide 
with  the  phototube  envelope.  The  photoeraiasion  as 
shown  i»  Table  VIII  was  slightly  less  at  190°C  than 
In  the  previous  equilibrating  bakes;  however  on 
cooling  to  room  temperature,  the  emission  Increased 
within  the  experiment al  error  to  the  values  previously 
observed  for  the  unfatigued  surface  at  room  temperature*. 
Prolonged  illumination  of  this  surface  did  not  produce 
any  fatigue  effect. 

The  final  photosurface  in  this  case  waB  character- 
ized by  a maximum  phoboeraission  wavelength  of  920  hs/a* 
a long  wavelength  limit  of  1300  sy*>,  and  a half  maximum 
wavelength  of  jL015  As  discussed  later,  these  emission 

properties  are  typical  of  a phoio3urface  which  has  been 
exposed  to  excess  cesium  and  are  comparable  to  the  normal 
commercial  massive  cathode  tubes.  The  integral  sensitivity 
of  this  tuba  is  comparable  to  that  for  PT47» 

The  reversibility  of  the  increase  and  decrease  in 
photoeraission  with  hosting  and  cooling  io  illustrated  in 
Fig.  22  by  the  data  for  the  second  bake  at  130°0  for 
PT*?>.  The  tube  FTS5  was  an  x-ray  phase  identification 
phototube  fabricated  at  190°C,  Cesium  was  introduced  to 
slightly  beyond  maximum  thermionic  amission  and  the  ’’stable” 
19QOC  photosurface  formed.  After  cooling  to  room  temperature 
and  sealing  the  cesium  source  off,  the  tube  was  given  its 
first  stabilizing  bake  at  130°C  to  react  the  slight  excess 
cesium  introduced  during  th©  seal  off  process.  The  data  for 
the  baking  of  this  tube  (Fig.  22)  clearly  show  that  the 
change  with  temperature  of  photoelectric  emission  for  a tube 
with  the  cesium  source  sealed  off  is  reversible*  The  photo- 
surface  was  characterized  by  a long  wavelength  limit  of  ap- 
proximately 1100  ny*',  a half  maximum  photocurrent  wavelength 
of  1070  and  a maximum  pho^ocurrent  wavelength  of  960  e^ui* 
The  spectral  response  of  this  tube  after  cooling  to  room 
temnerature  from  190&C  was  identical  to  the  response  after 
the  first  bake  at  130°C. 

An  attempt,  was  made  to  invest igata  the  temperature 
affect  using  a commercial  massive  cathode  which  was 
characterized  by  a maximum  photocurrant  wavelength  of 
910  raw*  a long  wavelength  limit  of  approximately  1200  ny** 
and  a half  maximum  photocurrent  wavelength  of  1030  ra/t.  6n 
slow  heating  to  190’:>C  the  following  changes  were  observed. 
Initially  the  chotoeraission  Increased,  the  F3  P/4>  and  Pr 
responses  became  constant  at  approximately  65*C  but  th®  5 
and  ?2  responses  increased  to  maximum  values  at  ap- 
proximately 115°C,  From  115°$  to  approximately  150°u  there 
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TABLE  VIII.  CHANGE  IN  RESPONSE  FOR  PTA9 
ON  COOLING  FROM  190°C  TO 
ROOM  TEMPERATURE 


* 
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?1 

F-> 

p3 

nta  10* 
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FIG-  22.  REVERSIBLE  CHARGE  IN  PHOTOEMT S-3ICN  OF  PT55  03?  HEATING  TO  130°C.  AND 
COOLING  TO  ROOM  TEMPERATURE . SECOND  BAKE  AT  130°C.  CESIUM  SOURCE 
SEALED  OFF  PRIOR  TO  FIRST  130°C  EQUILIBRATING  BAKE. 
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was  a decrease  in  the  response  and  an  increase  in 
thermionic  emission.  The  change  occurred  primarily  in 
tho  Fn  and  Fg  responses,  with  only  a smtall  change  in 
F-j,  ^tand  Ft.  As  the  temperature  increased  from  150°C 
to  19u°C  there  was  a steady  decay  with  time  and 
temperature  in  both  the  Photoelectric  and  thermionic 
emission.  Neither  photoelectric  nor  thermionic  emission 
was  recovered- on  cooling  to  room  temperature.  It  is 
clear  from  the  above  discussion  that  a permanent, 
irreversible  change  occurred  in  the  commercial  photo- 
cathode on  heating.  This  is  very  probably  due  to 
chemical  reaction  within  the  tube  perhaps  resulting  in 
the  transfer  cf  cesium  from  the  photocathode  to  the 
envelop©  or  to  a cesium  "getter"  within  the  tube.  Since 
the  previous  history  of  the  tube  was  not  accurately 
known  no  further  experiments  were  performed.  It  is  clear 
that  the  above  experiment  on  a commercially  fabricated 
tube  is  not  of  any  value  in  establishing  the  temperature 
dependence  of  oho to current  because  of  the  complication 
introduced  by  irreversible  chemical  changae  in  the  photo- 
cathode. The  experiment  is  mentioned  only  to  show  the 
difficulty  involved  in  obtaining  reliable  information  on 
the  effect  of  a variable  on  the  photocathode.  The 
possibility  of  a chemical  reaction  accompanying  a change 
of  temperature  must-  always  be  considered.  It  is  primarily 
for  this  reason  that  no  quantitative  systematic  study  of 
ohotocurrent  as  a function  of  temperature  has  been  made.’ 

A great  deal  of  previous  experience  was  required  before 
convincing  evidence  could  be  secured  that  chemical  changes 
were  not  responsible  for  the  temperature  dependence  of 
photoelectric  emission.  The  example  provided  by  FT 55 
(Fig,  22)  conclusively  shows,  however,  a temperature 
dependence  of  photoelectric  emission  which  is  not  the  re- 
sult of  irreversible  chemical  changes  in  the  cathode. 


3.14  Photoactivation  off 
thermionic  emission 

During  the  addition  of  cesium  to  a massive 
cathode  surface  using  the  oven  system  of  tube  fabrication, 
a photoactivation  of  tho  thermionic  emission  is  observed 
to  occur.  This  phenomenon  could  not  be  readily  studied 
in  detail  without  appreciable  modification  of  the 
equipment  and  consequently  complete  results  have  not  been 
obtained. 
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The  process  of  activation  during  the  cesium 
addition  is  illustrated  in  Fig.  23  bv  data  obtained 
during  the  early  stages  in  the  cesium  addition  to 
?T49  it  190°C.  On  illumination  of  the  cathode  at 
7$. 2 minutes  (TE  maximum  at  3.80,5  minutes)  a marked 
increase  in  the  thermionic  emission  occurred  on 
illumination  followed  by  a decay  during  the  dark 
period  to  the  original  value  as  shown.  The  response 
at  this  stage  was  84.5  nro  (1CP  range).  Cui've  2 in  Fig. 

23  shows  the  increase  in  thermionic  err  ssion  which  was 
obtained  on  cooling  the  cesium  source  at  104.8  minutes. 

To  a degree  the  process  of  photoactivation  has  an  effect  • 
similar  to  cooling  the  cesium  source.  The  process 
involved  in  the  increase  during  onoto activation  is  not 
simple,  Raising  the  collector  voltage  to  a value 
sufficiently  high  to  increase  the  thermionic  emission 
at  190°C  to  a value  equivalent  to  the  combined  photo- 
emission and  thermionic  emission  does  not  result  in  an 
increase  in  the  lower  voltage  thermionic  emission.  Thus 
the  activation  process  does  not  involve  positive  ion 
bombardment  of  the  cathode. 

In  general,  photo activation  is  most  marked  during 
the  early  stages  of  the  fabrication  (i.e.  low  (Cs,/0)) 
where  the  thermionic  emission  is  relatively  small.  As 
cesium  addition  is  continued  the  thermionic  omission 
increases  and  the  obaerved  contribution  due  to  photo- 
activation  tends  to  decrease.  In  addition,  during  ex- 
tended baking  of  the  cathode,  with  the  cesium  source  cool, 
photoactivation  of  thermionic  emission  appears  to  decrease. 

In  the  case  of  WT49  the  marked  effects  observed  may  have 
been  related  to  the  high  rate  of  cesium  addition  used 
compared  to  the  other  tubes  studied  ( 38.8xl0~°raoles/minutes 
compared  to  'v7.2xl0“®noles/minutes) . 

A.H,  Taylor  has  investigated  the  effect  of  static 
charges  on  the  tube  wall  on  the  nhot.oemi scion  characteristic 
of  Sb-Cs  surface  in  small  cylindrical  phototubes  having  the 
cathodes  and  anodes  at  opposite  ends  of  a short  glass  tubeSl, 
In  these  tubes  it  was  observed  that  the  photocurrent  could 
be  limited  at  low  voltage  by  the  accumulation  of  a static 
charge  on  the  tube  wall.  Illumination  of  the  tube  walls 
using  an  auxiliary  light  source  resulted  in  a marked 
increase  in  photoemission.  This  was  explained  by  the 
assumption  that  on  illumination  photoelectrons  may  be 
emitted  from  the  tub*3  walls  and  the  accumulation  of  the 
static  charge  is  reduced.  It  does  not  seem  probable  that 
at  the  co  lector  voltages  used  in  the  preparation  of  the 
photosurfaces  used  here  that  activation  of  the  thermionic 
emission  during  Illumination  is  dependent  to  an  appreciable 
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DEDUCTED  FROM  OBSERVED  CURVE). 
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extent  upon  this  effect.  This  possibility  however  has 
not  been  investigated  in  detail.  Since  on  continued 
illumination  the  photoemission  remained  constant  and 
ohotocurrent  did  not  increase  vfith  increased  voltage 
it  does  not  appear  probable  that,  the  effect  is  direct- 
ly related  to  the  presence  of  gas  in  the  phototube. 
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During  the  course  of  investigating  the 
development  cf  photoelectric  and  thermionic  emission 
the  variation  of  the  thermionic  and  photoelectric  e- 
misnion  with  voltage  was  used  to  distinguish  between 
thermionic  emission  and  an  ohmic  conduction  current* 
Generally,  for  convenience,  the  photoeminsion  was 
measured  at  202.5  volts  throughout  the  run  and  after 
cooling  the  tube  to  room  temperature  the  photoemi salon 
(on  illumination  through  filters)  was  measured  at  202.5 
and  742.5  volts.  Periodically  during  the  cesium 
addition  process  the  tube  current  (dark)  was  measured 
at  a series  of  voltages  with  both  reverse  and  correct 
polarity.  This  conclusively  distinguishes  thermionic 
omission  from  ohmic  conduction.  Sine©. the  phenomena 
observed  were  reproducible,  data  were  frequently  taken 
only  at  a limited  number  of  voltages,  for  example  7.5, 
202.5  and  742.5  volts. 


During  the  preparation  of  tube  PT53  at  150°C 
numerous  observations  were  made  on  the  variation  of  the 
thermionic  emission  at  various  stages  of  processing. 

The  change  in  changes  in  shape  of  thermionic  emission 
vs.  voltage  curve  for  this  tube  during  the  cesium 
addition  Is  shown  in  Fig.  24A.  In  the  earlv  stages  of 
processing,  the  current  is  primarily  a conduction  current 
as  shown  bv  the  data  at  31  minutes.  As  the  cesium 
addition  is  continued  the  emission  changes  to  a thermionic 
current  as  shown  by  the  44.5  minute  curve  and  by  the 
additional  fact  that  reverse  polarity  current  is  nearly 
zero.  The  voltage  dependence  of  thermionic  emission  near 
the  thermionic  emission  maximum  is  shown  by  the  164  and 
24#  minute  data.  The  linear  increase  in  thermionic  e- 
mission  with  increased  voltage  is  characteristic  of  these 
tubes.  The  photosurfaces  at  room  temperature  in  general 
have  long  wavelength  limits  greater  than  1400  island  a 
maximum  ohotoemiscion  at  approximately  9#0  compared  to 
1250  - 1300  m/^and  910  - 930  &/*>  respectively  for  commercial- 
ly available  cells.  After  the  maximum  in  thermionic  emission 
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FIG.  2k  A.  VARIATION  IN  THERMIONIC  EMISSION  WITH  VOLTAGE  DURING 
CESIUM  ADDITION  AT  150°C.  PT53 
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was  passed,  the  cesium  source  was  cooled  and  the  "stable* 
150°C  surface  formed.  The  voltage  dependence  of  the 
thermionic  and  Fj.  photoelectric  response  for  this  surface 
are  shown  in  Pig*  24B.  It  is  interesting  to  note  that 
photoeraission  is  saturated  but  thermionic  emission  ia.  not. 
At  this  stage,  it  may  be  noted,  the  reverse  polarity  dark 
current  was  completely  negligible  comoared  to  correct 
polarity  current.  Thus  there  is  not  an  appreciable 
conduction  current  contribution.  In  addition,  these 
characteristics  are  not  simply  related  to  the  tube  ge- 
ometry since  the  tube  used  in  the  tracer  and  x-ray  compos- 
ition studies  exhibit  similar  characteristics,  although 
the  geometrical  arrangements  are  quite  different* 

Some  variations  from  the  behavior  of  thermionic  e- 
mission  described  above  are  observed.  During  the  early 
stages  of  cesium  introduction,  instances  have  been 
observed  v/here  the  conduction,  thermionic,  and  photo- 
electric emission  currents  increase  markedly  at  voltages 
above  202.5  volte.  These  phenomena  are  undoubtedly 
related  to  the  presence  of  a small  amount  of  gas  in  the 
tube  producing  gas  amplification.  In  certain  tubes  those 
effects  could  be  related  to  the  conditions  of  cesium 
addition  since  cooling  the  cesium  source  resulted  in  the 
emission  changing  to  the  normal  behavior.  In  the  cases 
where  the  effects  could  not  be  eliminated  by  the  cesium 
source  cool  data  obtained  later  in  the  experiment  general- 
ly established  the  existence  of  a very  small  leak  in  the 
vicinity  of  the  tungsten-nonex-uranium  glass  press  seal. 
Results  on  such  tubes  are  not  considered  reliable  and  have 
not  been  reported.  Such  effects  were  also  observed  when 
excess  cesium  was  introduced  in^o  the  tube  during 
fabrication  at  150°C  and  190°C. 

On  rather  infrequent  occasions,  cathodes  have  been 
obtained  at  particular  processing  stages  which  exhibit  a 
high  thermionic  emission  after  cooling  to  room  temperature* 
After  standing  at  room  temperature  for  a period  of  several 
hours  this  emission  decreases  to  a low  value  and  the 
current  becomes  a conduction  current.  The  surface  formed 
on  PT53  after  the  third  bake  (1  and  2 at  190°C  and  3 at 
150°C}  exhibited  a rather  high  background  emission  at 
room  temperature  approximately  45  minutes  after  removal 
from  the  oven.  The  thermionic  emission  characteristics 
and  spectral  response  characteristics  of  this  surface  are 
shown  in  Pig.  2J>A  and  B.  It  ia  to  be  noted  that  more  than 
tripling  the  applied  voltage  produced  only  a 7*3%  increase 
in  photoemission  at  9J0  mM*  whereas  the  emission  (dark) 
current  increased  141S».  The  final  photo response  after 
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FIG-  25-  VARIATION  OF  PHOTOELECTRIC  AKD  THERMIONIC 
EMISSION  OF  PT53  AFTER  BAKE  3 (150°C). 
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room  temperature  equilibrium  was  established  (and  the 
dark  current  became  small)  was  identical  to  that 
obtained  while  appreciable  thermionic  emission  was 
present.  The  reason  for  this  behavior  is  unknown. 


3.16  Oxide  layer  thickness 

The  relationship  between  the  photoelectric 
response  and  the  oxide  layer  thickness  has  not  been 
investigated  in  detail.  Such  an  Investigation  would 
possibly  be  of  interest  In  connection  with  the 
determination  of  the  relationship  between  the  thermionic 
and  photoelectric  emission.  In  this  connection  it  is  of 
interest  to  note  some  results  obtained  during  ths  fabri- 
cation of  PT/»7  and  PTJ+8.  In  considering  the  results  it 
is  important  to  keep  in  mind  the  fact  that  the  phenomena 
observed  may  not  be  cpnsidered  as  having  general  validity 
before  more  extensive  experiments  are  pe  r forme  nun der 
car?fullF~controne3‘~ conditions." 

After  the  preparation  of  tube  PTL7  the  tube  was 
opened,  the  surface  and  capillary  cleaned,  and  the  tube 
reassembled  for  the  fabrication  of  PTJ+8.  It  was  hoped 
that  by  this  procedure  the  fabrication  process  could  be 
reproduced  sufficiently  closely  So  that  the  results 
obtained  with  the  two  tube9  could  be  validly  compared, 
During  the  oxidation  of  PTL7,  1.71x10-5  gramatoras  of 
oxygen  were  deposited  on  the  cathode  corresponding  to  a 
brilliant  green  color.  In  the  case  of  PTU&  0.9Lxl0-5 
gramatoms  of  oxygen  were  deposited.  The  cathode  oxidation 
in  this  case  was  barely  perceptible  and  the  amount  of 
oxygen  deposited  per  unit  area  is  comparable  to  the 
amount  deposited  during  the  oxidation  of  a 50%  transmission 
silver  film  to  90/5  transmission  (semitransparent  cathode). 
The  following  thermionic  emission  characteristics  during 
fabrication  were  observed  for  these  cathodes; 

PTU7  m& 

isb  5%ximum  thermionic  emission 

mm{lO*  range)  320  U&Q 

2nd  Maximum  thermionic  emission 

mm(105  range,)  2300  2000 

Ge  Cool  maximum  final  thermionic  emission 

mm (10?  range)  5700  5L50. 

The  shapes  of  the  response  curves  after  cooling  to  room 

temperature  are  indicated  by  the  following  data: 
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Maximum  photoemission  A 
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On  tha  basic  of  the  above  result*  the  photosur^aces 
present  in  the  two  tubes  seem  to  be  similar*  It  is 
shown  In  Fig.  26  however  that  the  spectral  responses 
for  the  two  cathodes  differ  markedly  in  the  photo- 
electric yield  as  a function  of  the  wavelength.  The 
integral  photoresponse  of  the  thin  oxide  surface, 

is  considerably  leas  than  for  FT/}?,  This  is  also 
indicated  by  the  following  data  on  photoelectric  o- 
mission  on  illumination  through  filters: 


PT47  Before  cooling  tube 
After  eooling  tube 

PT46  Before  cooling  tube 
After  cooling  tube 
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During  tha  cooling  of  PTi*7  from  190°C  to  room  .temperature 
there  was  a much  more  marked  increase  in  the  infrared 
response  than  occurred  in  the  cooling  of  PTAB. 


When  the  spectral  responses  of  Pig.  26  are  corrected 
for  dispersion  and  lamp  energy  distribution  they  become 
somewhat  similar  to  the  results  obtained  by  others*",  30# 
Thermionic  emission  is  not  a good  indicator  of  final 
infrared  sensitivity. 


3 .17  Tube  geometry 

In  the  discussion  of  the  development  of  photo- 
electric and  thermionic  emission  during  continuous  cesium 
addition  it  was  stated  that  the  presence  of  two  thermionic 
emission  maxima  is  probably  related  to  the  tube  geometry. 
That  this  is  the  case  was  indicated  during  the  investigation 
of  the  fabrication  of  tubes  for  use  with  a radioactive 
cesium  tracer  ana  also  tubes  for  use  in  the  x-ray  identifi- 
cation of  solid  phases.  Ths  phenomena  are  probably  best 
illustrated  by  the  observations  made  during  the  fabrication 
of  x-ray  study  tube  PT63X# 

The  tube  PT6JX  consisted  of  a semicylindrical  silver 
sheet  cathode  which  was  mounted  tightly  against  the  tube 
wall  so  that  only  the  front  surface  was  oxidized.  The  tube 
geometry  is  shown  in  Fig.  12  Section  2,33*  During  glow 
discharge  oxidation  2,i*.9xlO~?  gramatoras  of  oxygen  were 
deposited  over  a cathode  area  of  26  cm2.  The  cathode  after 
oxidation  exhibited  a brilliant  green  color.  The  cesium 
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addition  rata  waa  1.53x10"?  moles  per  minute  and  cesium 
was  added  to  the  gross  (Cs/0)  ratio  2.3.  During  cesium 
addition  to  the  x-ray  phase  identification  tubes  it  had 
been  observed  that  the  reaction  front  proceeded  with 
cylindrical  symmetry  from  the  base  near  the  cesium 
source  to  the  top  of  the  cathode  during  the  cesium  ad- 
dition. This  conclusion  results  from  the  observation 
of  cesium  color.  Consequently  during  the  cesium  ad- 
dition to  PT63I  the  appearance  of  the  cathode  was  checked 
periodically. 

In  the  majority  of  the  tubes  which  have  been  Prepared 
using  large  area  cathodes  th^  thermionic  and  photoelectric 
emission  maxima  occurred  at  (Cs/0)<1.9.  During  the  cesium 
addition  to  PT63X  the  thermionic  emission  did  not  begin  to 
rise  at  an  appreciable  rate  until  the  gross  composition 
exceeded  2.0  (Cs/0) . In  addition,  the  photoelectric  e- 
mi3sion  maximum  appeared  at  2.0  (Cs/0).  On  cooling  the 
cesium  source  at  2.  A (Cs/0)  the  th°rmionic  emission  in- 
creased rapidly  toward  a maximum  value;  and  the  F?  photo- 
response  doubled.  After  the  thermionic  emission  had 
increased  to  nearly  the  maximum  value,  the  cesium  addition 
was  resumed.  This  resulted  in  an  Immediate  decrease  in 
the  emission,  the  F 2 photoresponse  and  thermionic  emission 
disappearing  at.  approximately  the  same  time.  Cesium  ad- 
dition was  then  continued  until  a conduction  current,  ap- 
peared at  2.3  (Cc/0).  These  phenomena  are  illustrated  in 
Fig,  27. 

The  appearance  of  the  cathode  during  the  processing 
provides  a basis  for  explaining  the  unusual  behavior  of 
the  tube.  After  a certain  extent  of  reaction  with  cesium 
the  color  of  the  cathode  changes  from  a brilliant  green 
to  a grey  black  color.  -a**ter  several  minnte3  of  cesium  ad- 
dition to  the  tub®  a reaction  boundary  corresponding1  to  a 
transition  from  a brilliant  gre°n  to  a grey  black  color  is 
formed  near  the  base  of  the  cathode.  On  continued  cesium 
addition  this  boundary  moves  toward  the  top  of  the  cathode. 
At.  (Cs:/0)~?«0  a hril.lianf  green  band  approximately  1 cm 
wide  was  still  present  at  trie  top  of  the  cathode.  During 
the  cesium  source  cool  at  (Cs/o)s2 ,L  the  brilliar*  green 
oxide  color  disappeared  .and  the  cathode  acquired  a uniform 
grey  black  color.  The  final  oho resurface  was  characterised 
by  a long  wavelength  limit  of  approximately  810  ny-c  and  a 
maximum  photocurrent  at  650  The  absence  of  infrared 

sensitivity  indicates  excess  cesium  on  the  Dhotocathode 
(see  Section  t,23  for  further  discussion  of  this  tube). 
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The  observe'}  phenomena  may  be  interpreted  in  terms 
of  the  tube  geometry.  In  the  construction  of  the  tube 
the  cesium  source  inlet  tube  was  so  mounted  as  to  pro- 
vide an  exaggerated  case  of  non-uniform  bombardment  of 
the  cathode  by  the  incoming  cesium.  The  beam  striking 
the  cathode  contained  a higher  flux  density  of  atoms 
near  the  base  of  the  cathode  than  at  the  top.  In  ad- 
dition, at  least  during  the  early  stages  of  the  cesium 
addition,  the  accomodation  coefficient  for  cesium 
striking  the  surface  must  have  been  ne&r  unity  as 
indicated  by  the  observations  described  above. 

During  cesium  addition  to  PT63X.  reaction  occurred 
to  produce  a heterogenous  surface  which  was  character- 
ised by  a high  (Cs/O)  ratio  near  the  base,  and  a low 
(Cs/O)  ratio  at  the  top.  Thus  the  thermionic  emission 
plateau  is  the  result  of  the  alow  migration  of  a low 
work  function  region  from  the  base  toward  the  top  of 
the  cathode.  The  width  of  the  region  increased  as  the 
top  of  the  cathode  was  approached  due  to  the  flow 
characteristics.  On  cooling  the  cesium  source : in  ad- 
dition to  reaction  of  the  cesium  with  the  surface,  a 
migration  of  cesium  from  the  high  (Cs^O)  region  to  the 
low  (Cs/o)  region  probably  occurs.  The  rate  of  thi3 
migration  would  be  determined  by  the  vapor  pressure  of 
cesium  over  the  cesium  oxide  phases  present.  After  a 
parti al  equilibration  of  the  surface,  the  decrease  in 
emission  produced  by  further  cesium  addition  resultB 
from  the  formation  of  an  excess  C63iuin  surface  over  the 
entire  cathode  area. 

It  may  be  noted  that  an  excess  cesium  massive 
cathode  photosurface  in  general  has  a considerably  lower 
photo  response  than  at  optimum  sensitivity  (see  Section 
4.23)  . T ti  addition,  the  spectral  response  curve  is 
shifted  toward  the  visible  portion  of  the  spectrum.  The 
Fr  response  of  PT63X  closely  parallels  the  behavior  of 
thermionic  emission  during  the  cesium  addition.  The 
total  photoresponse  of  the  cathode  relative  to  the 
observed  thermionic  emission  is  appreciably  les;  than 
would  be  anticipated  for  a "uniform"  cathode  fabricated 
at  150°C . 

It  is  important  to  recognise  that  the  distribution 
of  cesium  ever  the  cathode  is  not  entirely  determined 
by  the  flux  of  cesium  atoms  arriving  directly  from  the 
capillary  outlet  and  "sticking**  to  the  cathode  on  the 
first  collision.  The  walls  of  the  phototube  envelope 
undoubtedly  reflect  a considerable  proportion  of  cesium 
atoms  which  ultimately  reach  the  cathode.  The  totality 
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of  cesium  atoms  scattered  in  this  way  nc  doubt  con- 
tribute to  a much  more  uniform  cathode  coverage.  This 
contribution  to  uniform  coverage  is  not  sufficient,  in 
this  exaggerated  example,  to  overcome  the  non-uniform 
coverage  provided  by  direct  bombardment.  The  cathodes 
discussed  in  previous  sections  were,-  probably  more  uniform- 
ly covered  because  the  capillary  outlet  was  more  symmetri- 
cally located  relative  to  the  cathode. 

The  radioactive  tracer  tubes  are  fabricated  from 
silver  bases  formed  by  evaporation  on  glass  discs.  Hence 
the  back  surface  of  the  cathode  is  shielded  by  glass  {see 
Fig.  It) . In  the  fabrication  of  these  tubes  only  one 
maximum  in  thermionic  emission  during  cesium  Introduction 
is  observed.  ,1 

It  is  also  worth  noting  that  in  tubes  having  a nickel 
anode  wire  the  wire  is  slightly  oxidized  during  the  glow 
disch.ar.ge  oxidation  of  silver.  During  cesium  addition  the 
anode  wire  develops  thermionic  emission  and  ohoto  sensi- 
tivity. The  emission  characteristics  of  the  anode  wire 
parallel  the  characteristics  of  the  nhotonurface , However, 
only  a single  maximum  in  emission  is  observed  during  the 
cesium  addition.  The  anode  surface  does  not  exhibit  a 
large  infrared  response  but  the  general  behavior  on  cooling 
the  cesium  source  is  the  3ame  as  observed  at  the  cathode. 

From  the  foregoing  observations  it  in  obvious  that 
depending  upon  the  tube  geometry  a considerable  variation 
in  the  thermionic  emission  as  a function  of  the  tube  gross 
composition  may  occur.  Thus,  If  the  thermionic  emission 
characteristics  are  used  to  control  the  processing,  and  an 
unsat  is factory  tube  design  Is  used  it  is  readily  possible 
to  obtain  a ^ube  which  after  equilibration  has  a poor 
infrared  response  because  of  the  presence  of  excess  cesium. 
Baking  of  such  a cathode  does  not  recover  the  infrared 
sensitivity  unless  a sink  for  the  excess  cesiurn  is  nreaent 
in  the  tube. 

It  is  to  be  noted  that  the  above  observations  agree 
well  with  our  previous  statement  that  the  clow  step  in 
cathode  reaction  with  cesium  Is  not.  the  removal  of  cesium 
from  the  vapor  phase.  The  evidence  indicates,  in  fact, 
that  collision  efficiency  is  high. 


3 . IB  Definition  of  a 
normal**  tube 

As  a result  of  the  detailed  study  of  the  de- 
velopment of  thermionic  and  photoelectric  emission  during 
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the  fabrication  of  mas-ivs  silver  cathodes  a set  of 
characteristics  were  evolved  which  describe  the  behavior  . 
of  a "normal"  tube . <rhia  set  of  characteristics  consti- 
tutes a convenient  standard  to  which  other  photo cathode a 
can  be  compared.  The  term  "normal*  actually  means  a 
highly  Infrared-sensitive  cathode. 

The  "normal*  tube  is  characterised  by  the  following 
behavior.  During  cesium  addition  the  initial  currant  is 
a conduction  current.  When  thermionic  emission  begins  to 
develon  the  white  light  response  quickly  appears  and  is 
soon  followed  hv  an  appreciable  ?2  response.  At  n slirht- 
lv  later  stage  the  F-j,  F«  , and  ?e  responses  ameer.  After 
a period  of  addition,  and  before  the  maximum  thermionic 
emission  is  reached,  cooling  the  cesium  source  results  in 
an  immediate  increase  in  thermionic  and  photoelectric  e- 
mission.  The  emission,  depending  uoor  the  gross  tube 
composition  existent  at  that  time,  may  at  190°C  decrease 
or  increase  to  a stable  maximum,  but  at  15C°C  will  definite- 
ly increase  to  an  apparently  stable  value. 

On  further  cesium  addition  a maximum  in  the  thermionic 
emission  is  obtained.  Cooling  the  cesium  source  at  this 
composition  results  in  a rooid  increase  in  the  thermionic 
and  photoelectric  emission  to  "stable”  values.  On  cooling 
this  surface  to  room  temperature  there  occurs  a marked 
increase  in  the  infrared  sensitivity  of  the  cathode.  Pro- 
vided excess  cesium  has  not  been  introduced  into  the  tube, 
the  f:nal  photosurface  in  terms  o<*  the  standard  conditions 
defined  in  Section  ? .13  is  characterised  by  a spectral 
response  having  a long  wavelength  limit  greater  than  H00  vsi*t 
a maximum  photoeurrant  wavelength  between  950  and  990  mu*, 
and  a half  maximum  wavelength  of  greater  than  1060  vM 
These  values  may  be  compared  m the  following  values 
observed  with  commercial  cathodes;  namely,  wave length  limit 
1200  - 1300  mu>t  maximum  nhotoeurrent  wavelength  of  900  - 
930  raia  and  d half  maximum  ohotocurrent  wavelength  of  1000 
to  IO3O  pyic. 

In  a number  of  our  subsequent  experiments  we  he  ve 
added  cesium  far  beyond  maximum  emission  and  the  final 
phototubes  frequently  have  low  infrared  sensitivity.  By 
continuously  following  the  omission  during  coslum  addition 
and  by  periodically  cooling  the  cesium  source  wa  can  readi- 
ly recognise  whether  such  tubes  were  normal  at  some  inter- 
mediate stage. 
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3,2  "Commercial"  Fabrication  of 
Massive  Cathode  Phototubes 

The  commercial  procedure  for  the  fabrication  of 
massive  cathode  phototubes  i3  characterised  v>y  sim- 
plicity of  the  processing  procedure.  The  procedure 
involves  the  oxidation  of  the  silver  cathode  to  the 
desired  extent,  evacuation,  firing  a Cs^rO^-Si  pellet, 
and  then  heat  treating  to  produce  the  desired  rhoto- 
surface.  The  excess  cesium  present  is  removed  by 
exhaust  into  the  vacuum  system,  or  by  reaction  with  a 
suitable  gatter  such  as  a lead  glass  pres-  seal  or 
lead  oxide  or  tin  oxide  coating  on  the  back  of  i he 
cathode. 

During  the  early  stages  of  the  project  a phototube 
PT22)C  was  fabricated  using  a procedure  which  has  some- 
thing in  common  with  that  described  above  and  which,  for 
lack  of  better  phrase,  is  described  as  the  "commercial 
process".  The  detailed  results  obtained  for  this  tubs  ora 
presented  in  the  folluvring  sections.  It  is  tc  be  noted 
that  the  spectral  responses  in  this  case*  are  specified 
for  a 0.32  mm  slit,  a collector  voltage  of  65  volts,  the 
vibrating  reed  electrometer  at  low  sensitivity,  and  a 
lamo  voltage  of  1.97  to  4.99  volts.  It  must  he  admitted 
that  the  space  allotted  to  th°  description  of  this  cathode 
is  out.  of  proportion  to  its  actual  importance.  This  is 
done  largely  because  it  affords  ar»  opportunity  to  a only 
the  ideas  developed  in  previous  sections  and  also  because 
the  changes  which  occur  on  prolonged  baking  are  made 
particularly  evident.  Approximate  corrections  for  dis- 
persion and  lamp  energy  distribution  hove  also  been  applied 
so  that  the  effect  of  these  factors  cn  the  ooectral  response 
is  mode  more  clear. 


3 • 2 1 Tube  fabrication 

A description  of  the  fabrication  procedure  for 
PT2Z»fi  has  been  presented  in  Section  2.31.  The  tube  design 
is  fiho’fn  in  Fig.  10.  The  tube  consisted  of  a semi- 
cylindrical  silver  cathode  with  a centrally  mounted  anode 
wire*  A dry  ice-acetone  trap  was  attached  to  the  tube 
using  approximately  g mm  bore  pyrex  tubing.  After  firing 
the  CspCrO^-Si  pellet  the  tube  was  sealed  off  the  vacuum 
system  and  the  trnr  cooled  with  a dry  ice-acetone  mixture. 
Since,  at  -60 °C^  the  va^or  pressure  of  cesium  is  cf  the 
order  of  2xlCTi-‘'n2r9  Hg  the  trap  is  equivalent  to  having  the 
tube  mounted  on  a vacuum  system  with  an  excess  cesium 
getter  present.  After  a determination  of  the  spectral 


response  the  tube  wa.3  subjected  t.o  s series  of  bakes 
in  a quarts  tube  furnace  at.  i£0  - 2C0°C.  The  temperature 
of  the  tube  was  measured  by  placing  a thermometer  along 
the  side  of  the  tube  and  opposite  the  cathode  surface. 

The  tran  was  maintained  cold  throughout  the  processing 
except  when  excess  cesium  was  introduced  back  into  the 
tube . 


From  the  1st  to  the  13th  bake  the  trap  was  maintained 
at.  approximately  -6£°C.  At  bake  13  the  trap  was  allowed 
to  warn  to  room  temperature  and  the  residual  cesium  dlf~ 
fused  into  the  tube.  After  21.  hours  th©  spectral  response 
remeasured  and  the  tube  rehaked  (bakes  It  through  19) 
with  the  trap  again  immersed  lr.  the  drv  ice-acetone 
mixture . 

In  Table  IX  are  presented  the  following  data  for 
PT2LC;  (I)  baking  time  at  lftO  - 200°C , {2}  the  final 
thermionic  emission  at  the  end  of  the  bake,  and  {3)  the 
anectrnl  response  characteristics  uncorrected  for  dis- 
persion or  the  lamp  energy  distribution.  The  baking 
times  used  were  determined  by  the  changes  which  were 
observed  in  the  thermionic  emission  during  the  baking 
process o 


3.22  Spectral  response 
character! sties 

The  increased  spectral  responses  for  PT24C  were 
corrected  for  quart?,  prism  dispersion  and  are  reported  in 
terms  of  a 10  mfk,  band  vridth  relative  Photo  response*  The 
development-  maximum  photosensitivity  during  bakes  1 
through  6 is  shown  in  Fig.  2f . In  Fig.  29  is  shown  the 
decline  in  photoernission  obtained  on  extended  baking# 
while  Figs.  30  and  31  illustrate  the  effect  of  cesium  ad- 
dition from  the--  trap  followed  bv  baking:. 

Initially,  after  th©  room  temperature  cesium  addition, 
the  maximum  soectral  sensitivity  an  neared  at  515  ra/fc.  It 
will  ao-.oar  later  that  ♦his  is  typical  of  a surface  con- 
taining n large  excess  of  cesium.  Ourlnrr  the  first  bake 
the  maximum  shifted  to  ?50  rsif*  and  on  the  second  shifted 
to  the  900  region,  DurinV  the  second  bake  the  observed 
long  wavelength  limit  shifted  from  1075  to  1425  nyt.  This 
o rat ion  corresponded  to  the  33  minute  bake  at  ISO  « 200°C 
’/ith  bake  '3  through  6 there  was  a raoid  increase  in  the 
sensitivity  over  the  entire  range  from  600  to  1500  xnu/t  The 
growth  of  the  peak  in  the  900  ra/v  to  1000  rn^v  range  and  the 
development  of  an  inflection  in'  the  750  - '£50  au/t  region  are 
interesting  to  note.  The  inflections  suggest  that  two 
types  of  emitting  centers  care  present,  a point  which  is 
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TABLE  12.  BAKE  AND  SPECTRAL  DATA  PT2Z*C 
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Wavelength  (tap) 

FIG.  29  RELATIVE  FH0T0CT5RBEHT  FSB  10  seu  3AHD  WIDTH  VERSUS  WAVELEBGTH  FOB  BAKES  6 THR08GH  12 


FIO.  30.  RELATIVE  PHOTOCURHEBT  PER  10  1 m 


Wavelength  (i^i) 


Wavelength  (%i) 


further  discussed  later.  In  addition,  as  shown  in  Fig. 

28,  the  maximum  photosensitivity  corresponds  to  shorter 
long  wavelength  limit  and  lower  final  thermionic  emission 
than  the  surface  (curve  5)  which  had  the  highest 
thermionic  emission  and  had  a long  wavelength  limit  near 
1650  a/H 

At  the  maximum  sensitivity  the  cathode  had  changed 
from  a reddish  grey-black  color  to  a uniform  dark  grey 
brown.  As  the  baking  was  continued  there  was  a decrease 
in  photosensitivity  as  shown  in  Fig.  29  and  the  cathode 
changed  to  an  ivory  color  which  became  a silvery  white 
by  the  20 bake. 

At  bake  13,  Fig.  30,  cesium  was  introduced  into  the 
tube  by  warming  the  trap  to  room  temperature.  This  pro- 
duced a very  marked  increase  in  sensitivity  in  the  600  - 
800  m/* region.  The  response  after  cesium  addition  is 
similar  in  wavelength  characteristics  to  that  oresent 
after  the  first  bake.  Baking  after  cesium  addition  caused 
the  spectral  sensitivity  curve  to  shift  toward  the  infra- 
red. 


Further  baking  of  the  tube  resulted  in  the  set  of 
photosensitivity  curves  shown  in  Fig.  31 • The  erratic 
behavior  of  the  photosensitivity  after  bake  1U  may  be  re- 
lated to  a greater  variation  in  the  sensitivity  per  given 
area.  Thie  was  not  checked  during  the  processing  of  the 
tube  from  bakes  l/»  through  20.  In  the  case  of  the  initial 
set  of  curves  1-12  the  variation  in  sensitivity  with  the 
allowed  positioning  of  the  holder  corresponds  to  approxi- 
mately a 10#  variation  in  the  total  current.  The  form  of 
the  spectral  sensitivity  curves,  however,  was  invariant 
with  respect  to  th  - area  illuminated.  This  would  indicate 
that  the  spectral  emitting  surface  was  uniform  in  work 
function  after  each  bake  with  possible  variations  in  the 
volume  and/or  surface  area  of  active  compounds. 

In  the  production  of  semitransparent  photocathodes 
the  amount  of  cesium  to  be  added  for  the  development  of 
the  optimum  photosensitivity  is  controlled  by  measuring 
the  thermionic  current  during  the  introduction  of  cesium. 
After  the  peak  in  the  thermionic  emission  is  passed  the 
cesium  addition  is  discontinued.  The  tubo  is  then  baked 
at  180  - 200°C  for  a short  additional  time  until  therm- 
ionic emission  passes  through  a second  maximum,  and  it  is 
then  cooled  to  room  temperature.  In  the  preparation  of 
PT2 the  thermionic  emission  during  baking  was  measured. 
In  Fig.  32  the  logarithm  of  the  final  thermionic  current 
at  the  end  of  each  bake  is  plotted  as  a function  of  the 
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PIG.  32.  MAXIMUM  RELATIVE  QUAHTUM  YIELD  FOR  2 ^930  - 990  n*i  VERSUS  THL' 
LOGARITHM  OP  THE  FIKAL  THERMIONIC  CURRENT  .--T  THE  riSD  OF  A Bn 


-2.0  -1.0  0 1.0  2.0 

log  (Final  Thermionic  Current) 
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Final  Thermionic  Current  (ya) 


height  of  the  infrared  peak*  It  ia  interesting  to  note 
that  the  maximum  sensitivity  6 and  maximum  infrared 
sensitivity"  curve  5 occur  beyond  the  maxima  in  therm- 
ionic ©mission.  The  decay  in  the  sensitivity  with  pro- 
longed baking  of  the  tube  was  linearly  related  to  the 
logarithm  of  the  thermionic  currant.  It  was  rather 
surprising  that  the  slope  of  the  decay  curve  for  therm- 
ionic emission  and  photosensitivity  was  approximately  the 
earn©  as  for  the  growth  curve.  The  point  11  in  Pig.  32 
corresponds  to  the  maximum  relative  quantum  yield  dif- 
ference at  920  mfb  between  curves  11  and  12,  Fig.  29. 

When  cesium  was  returned  to  the  tube  at  bake  13 
there  was  no  marked  increase  in  the  thermionic  emission 
compared  to  the  first  series  of  bakes  and  the  thermionic 
emission  was  not  correlated  with  the  photosensitivity 
•characteristics  of  the  tube. 


3.23  LfiMJaifilSagSk 
spectral  yield 

Since  one  factor  of  interest  in  describing  the 
Ag-O-Cs  photocathode  is  the  behavior  of  the  long  wave- 
length region,  a set  of  curves  Wei's  prepared  in  which  the 
logarithm  of  the  dispersion  corrected  photocurrent  was 
plotted  versus  the  wavelength  for  X>900  ny**  These  data 
are  shown  in  Figs.  33  and  3 A.  It  is  apparent  that,  these 
data  may  be  approximately  represented  by,  an  equation  of 
the  form:  . 

log  (i)*  KxX-tK2 


where  i is  the  photocurrent , X the  wavelength,  and  and 
K2  ars  constants. 

After  the  first  bake  the  slope  Ki  was  -0.0114  per  nyu* 
decreasing  after  the  second  bake  to  -O.OO63O  per  ana 
remaining  essentially  constant  through  the  fifth  bake. 

The  fifth  bake  corresponds  to  the  maximum  sensitivity  in 
the  infrared.  After  the  sixth  bake  the  infrared  sensitivity 
began  to  decrease  and  for  the  bake#  6,  7,  and  & the  slope 
Kt  was  -0.00771j  -0. 00722  and  ~0.009#y  per  respectively. 
The  slope  after  the  ninth  bake  was  relatively  constant  at 
-0.0114  per  my*.  Thus,  after  bake  14  the  slope  is  invariant 
and  corresponds  to  that  observed  after  the  initial  bake  1. 
The  condition  which  produced  the  maximum  sensitivity  in  the 
far  infrared  is  not.  recovered  on  introducing  more  cesium 
into  the  tube  and  rebaking. 
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Relative  Photoc irrent  Per  10  n^i  Band  Width 


Relative  Photocurrent  Per  10  a^i  Band  Width 
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3 .24  Development  of 

Aa.ttared_.res  pqnajt 

In  the  Beckman  DO  spectrophotometer  the  light 
source  is  an  automotive  type  bulb  (Mazda  2331)  with  a 
tungsten  coil  filament  operated  at  4*96  to  5.00  volts. 

The  lamp  color  temperature  as  determined  with  a Lfceds 
and  Northrop  pyrometer  was  approximately  2430°K.  The 
temperature  could  not  be  well  defined  because  of  the 
different  temperature  existing  within  and  outside  the 
coil  as  well  as  cooling  of  the  ends  of  the  filament  by 
the  support.  As  a rough  approximation  the  data  given 
by  Foreythe  and  Adams 5"  for  the  spectral  distribution 
from  a 115-volt  25-watt  vacuum  lamp  at  a color  tempera- 
ture of  2530°K  were  used  to  correct  the  spectral 
sensitivity  curves  for  the  lamp  energy  distribution.  By 
multiplying  the  photocurrent  by  the  wavelength  a?  relative 
quantum  yield  was  obtained.  To  obtain  an  actual  value  of 
the  quantum  yield  it  would  be  necessary  to  know  the 
energy  actually  absorbed  by  the  surface  as  a function  of 
the  wavelength.  The  relative  quantum  yield  as  defined 
above  is  plotted  a*  a function  of  the  frequency  as  shown 
in  Fig.  35  for  bakes  1 through  6,  and  in  Fig.  36  for  bakes 
6 through  12,  It  is  interesting  to  note  that  correction 
for  lamp  energy  distribution  doss  not  shift  the  position 
of  the  long  wave  maximum  between  900  and  1000  rn^by  very 
much.  It  is  also  of  interest  that  the  inflections  previous- 
ly noted  become  even  more  pronounced. 

The  form  of  the  spectral  BenBitivity  curves  suggested 
an  alternative  way  for  considering  the  data.  The  assumption 
was  made  that  the  spectral  curves  for  bakes  1 through  6 
corresponded  to  a composite  of  two  functions.  The  first 
function  was  obtained  by  forming  the  mirror  image  of  the 
infrared  portion  of  the  spectral  sensitivity  curve  about 
the  ordinate  corresponding  to  the  maximum  sensitivity.  This 
set  of  curves  for  bakes  1 through  6 is  shown  in  Fig.  37  and 
for  bakes  6 through  11  in  Fig.  3$.  Subtracting  those  curves 
from  the  corresponding  spectral  sensitivity  curves  results 
in  the  curves  for  the  second  function  as  shown  by  the  primed 
numbers  in  Figs.  37  and  36.  Thus  by  this  procedure  the 
development  of  photosensitivity  may  be  described  by  two 
superimposed  spectral  distributions.  It  was  rather  sur-  > 
prising  that  reflection  of  the  infrared  portion  of  the  curve 
about  the  maxima  results  in  the  formation  of  a family  of 
curves  which  in  the  red  portion  of  the  soectrum  have  a common 
origin.  In  Fig,  3$  curves  9 and  10  appear  to  fall  outside 
the  original  family  as  defined  by  curves  1 through  6 in 


Fig.  37,  If  the  assumption  is  made  that  in  9 a new 
phase  for  production  of  ohotoelectrons  corresponding 
to  curve  12  is  being  formed,  then  the  data  may  be  made 
more  self  consistent.  The  effect  of  apnlying  such  a 
correction  to  bake  9 data  is  shown  in  Fig,  39.  When 


the  spectral  distribution  is  corrected  for  a 12  type 
of  sensitivity  and  the  resultant  curve  resolved  into 
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family  defined  in  F 


infrared  function  belongs  to  the 
ig.  37  for  bakes  I through  6. 


For  the  initial  grov.’th  and  decnv  in  sensitivity 
with  continued  baking,  the  spectral  distribution  curves 
may  be  arbitrarily  divided  into  three  classes.  The  rirst 
type,  Class  I,  corresponds  to  the  develoora  ent  of  a pc  ale 
in  the  photosensitivity  in  the  region  of  900  - 1000  nu* 
with  a soeetral  distribution  function  which  resembles  an 
error  curve.  In  this  case  the  long  wavelength  limit  is 
related  to  the  position  of  the  maximum  sensitivity  but 
the  visible  spectrum  limit  of  the  curve  remains  essential- 
ly constant  at  675  nyK  The  second  type.  Class  II, 
corresponds  to  the  development  of  a maximum  at  7 50  - 7F0 
with  a long  wavelength  limit  at  approximately  910  maa;  The 
third  type,  Class  III,  corresponds  to  the  linear  increase 
in  the  Photosensitivity  with  increasing  frequency  from  a 
long  wavelength  limit  of  approximately  1150  myuw  This  final 
curve  corresponds  to  the  limiting  photosensitivity  after 
extensive  baking.  The  arbitrariness  of  this  procedure  is 
evident.  There  is  no  theoretical  justification  for  the 
assumption  that  Class  I curves  are  symmetrical  and  this 
assumption  makes  the  long  wave  limit  for  Class  II  curves 
entirely  untrustworthy.  The  implication  of  different 
emitting  centers  is,  however,  so  strong  that,  even  this 
rough  separation  is  worthwhile.  The  resemblence  of  the 
long  wave  maxima  for  Class  II  curves  to  those  of  Table  IV 
Section  1.9  is  very  striking. 


The  variation  in  the  relative  quantum  yield  with 
frequency  after  the  introduction  of  cesium  at  bake  13,  and 
after  bakes  11,  15,  and  16  are  shovm  in  Fj.  ge  10.  The 
increase  in  emission  in  the  visible  portion  of  the  spectrum 
with  cesium  addition  is  clearly  shown  in  this  figure.  The 
spectral  distribution  for  the  tube  at  stage  13  resembles 
that  presented  by  Zaitsev  and  Khlebnikov?*  for  a thin- film 
Ag-C-Cs  surface.  The  surface  was  prepared  by  repeated 
evaporation  of  Ag  on  the  Ag-O-Cs  surface  and  baking  at  100- 
130°C  in  cesium  vaoor  so  that  a surface  is  obtained  which 
has  its  peak  emission  at  approximately  590  m/o  and  a long 
wavelength  limit  at  1200  ny* 


4. 


PIG.  39-  RELATIVE  QUAJfTUK  YIELD  VERSUS 
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For  the  speetnl  sensitivity  curves  of  bakes,  14, 

15,  16  the  assumption  was  made  that  after  the  1 i+th  bake 
a contribution  of  Class  III  corresponding  to  bake  12, 

Fig,  38,  was  present  in  the  spectrum.  The  curves  14', 
15’,  and  16*,  Fir.  40,  were  obtained  by  subtracting 
curve  1?  from  11 , 15,  and  16  respectively.  *rom  these 
curves  It*,  15* , and  16*  the  curves  shown  in  Fig.  41  for 
Class  I and  Class  II  spectral  sensitivity  contributions 
were  derived.  Comparison  of  the  data  for  the  6*'n  bake  to 
that  for  the  ll^h  bake.  Fie;.  41,  shows  that  th^re  was  a 
decrease  in  the  Class  I sensitivity  and  an  increase  in 
the  Class  II  sensitivity  after  the  introduction  of  ad- 
ditional cesium  and  baking1,  at  180  - 200°C. 

It  has  been  stated  that  if  the  surface  is  baked  to 
the  ivory  color  and  the  spectral  sensitivity  has  dropped 
to  a low  value,  the  white  light  sensitivity  may  be  re- 
covered by  an  argon  glow  discharge  in  the  tube  followed 
by  re-evacuation  (see  ref.  14  p*  94).  The  spectral 
distribution  for  the  recovered  tube  would  have  to  be 
studied  before  any  correlation  with  the  results  for  PT24C 
may  be  made. 


3,25  Discussion 

The  interpretation  of  the  data  for  PT24C  is 
complex  because  of  the  number  of  processes  occurring 
simultaneously . In  the  first  bake  operation  the  excess 
cesium  Introduced  no  doubt  reacts  completely  with  silver 
oxide  (AgxOy)  to  form  (CsxOy)  gross  composition  plus  Ag, 
and  a portion  of  the  excess  i3  distilled  out  of  the  tube. 
During  the  period  of  time  when  excess  cesium  ie  present 
there  is  also  a transfer  of  oxygen  away  from  the  cathode 
(see  Section  4.1)  . In  addition,  at  190°C  the  nrecinitated 
silver  undergoes  sintering  and  this  probably  influences 
the  photoelectric  response.  At  baking  temperature  cesium 
is  also  reacting  with  the  pyrex  glass  tube  envelope. 

Despite  these  complications  several  Interesting  points  are 
established. 

The  expression  of  the  spectral  response  curves  as  the 
sum  of  curves  of  thre°  classes  is  obviously  arbitrary. 

The  suggestion  of  two  different  emitting  centers  contributing 
to  the  spectral  response  in  roughly  the  manner  indicated 
by  Glass  I and  Glass  II  curves  is,  however,  very  strong 
indeed.  This  suggestion  is  not.  confined  to  the  particular 
ohotocathode  described  here.  Many  examples  have  been 
observed,  a number  of  which  are  described  in  subsequent 
sections.  It  has  become  possible  to  a considerable  degree 
to  control  the  proportions  of  Class  I and  Class  II 
contributions  and  hence  to  understand  the  factors  responsible 
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(eee  3ec“io n 3,l)  . have,  therefore,  become  convinced 
that  the  idea  of  at  least  two  tynes  of  emitting  centers 
is  a valid  one.  We  call  attention  again  to  the  very 
close 'Similarity  of  the  Glass  II  curves  to  the  spectral 
resoonses  obtained  by  the  investigators  listed  in  Table 
17  Section  1*9*  Allowance  must  of  course  be  made  for 
the  fact  that  the  long  wave  limit  for  Class  II  curves  is 
quite  unreliable  because  of  the  arbitrary  manner  in  which 
the  Class  I response  is  determined.  This  point  will  again 
be  discussed  in  subsequent  sections. 

The  suggestion  of  two  types  of  emitting  centers  (I 
and  II)  arises  from  the  appearance  of  the  spectral  response 
curves.  These  contain  in  some  instances  two  maxima  and  in 
others  a maximum  and  an  inflection.  The  effect  of  the  two 
types  of  centers  is  therefore  pronounced  and  easy  to 
recognise  especially  in  comparing  a series  of  related  curves 
obtained  at  various  stages  of  a baking  operation.  It  ie 
evident  from  inspecting  the  rea’ponse  curves  that  centers  of 
both  types  are  contributing  simultaneously  to  the  sam® 
cathode.  That  centers  of  a third  type,  contributing  in  a 
manner  indicated  by  Glass  III  curves,  are  also  contributing 
to  the  same  cathodes  is  not  well  established.  It  is  not 
easy  to  detect  a contribution  from  type  III  centers  bv  mere- 
ly inspecting  the  spectral  response  curves  and,  on  the 
whole,  the  basis  for  this  hypothesis  is  weak.  The  previous 
analysis  implies  that  centers  of  type  III  are  produced  on 
extended  baking  and,  once  produced,  are  r.ot  completely  re- 
moved on  reintroducing  cesium.  That  such  centers  exist  ie, 
of  course,  suggested  bv  the  fact  that  curve  12  of  Fig,  36 
cannot  be  classified  as  either  Clas3  I or  II  or  any  combi- 
nation of  the  two.  Since,  however,  a contribution  of  type 
III  to  other  curves  than  12  is  not  clearly  marked  in  the 
response  curves,  we  cannot  consider  that  this  idea  is  firm- 
ly established.  In  Section  4.32  the  types  of  spectral 
responses  obtained  under  various  conditions  of  preparation 
are  summarised.  The  classification  riven  there  extends 
that  discussed  above. 

That  centers  of  two  types,  and  perhaps  a third,  con- 
tribute to  the  spectral  yield  is  strongly  suggested  by  the 
data.  Whan,  however,  we  come  to  consideration  of  the 
chemical  changes  which  accompany  the  alteration  in  spectral 
response  on  baking,  the  interpretation  is  complicated  by  a 
number  of  factors.  In  the  first  paragraph  of  this  section 
it  was  implied  that  cesium  reacts  completely  with  silver 
oxido  to  form  a mixture  of  cesium  oxides.  It  was  the 
intention  in  performing  the  experiment  to  produce  an  initial 
{C8/0)  ratio  greater  than  2 in  the  Dhotocathode . At  the 
time  we  did  not  realise  how  slow  the  cathode  reactions 
actually  are  and  hence  in  the  first  bake  it  is  quite  possible 
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that  the  bulk  of  the  cesium  distilled  into  the  cold  trap 
leaving  a (C3/O)  ratio  for  the  cathode  which  exceeds  2 
by  little  if  ary,  If  the  ratio  did  exceed  2 then  the 
subsecuent  baking  would  undoubtedly  produce  Ca^O  in  the 
cathode  which  contains  little  if  any  excess  cesium,  W© 
cannot  be  sure,  however,  that  the  ratio  of  the  number  cf 
cesium  atoms  to  the  number  of  oxygen  atoms  in  chemical 
combination  actually  did  exceed  2 and  hence  ♦’  e data  do 
not  justify  the  conclusion  that  Cs20  (mixed  ,h  silver) 
constitutes  the  photoelectric  emitter.  This  point  has 
been  tested  in  a more  clear-cut  way  with  another  massive 
cathode  discussed  in  Section  3*32.  The  results  of  this 
subseouent  experiment  coupled  with  the  results  of  Section 
3,1  and  the  x-rav  study  of  Section  1,2  snake  it.  virtually 
certain  that  CsoO  (mixed  with  silver)  is  the  infrared 
emitter.  Despite  the  fact  that  the  data  on  PT2kC  do  not 
provide  a clear-cut  demonstration  that  C82O  (mixed  with 
silver)  is  the  Photoelectric  emitter  another  important 
point  is  established.  After  having  removed  infrared  by 
baking  it  is  found  tint  sensitivity  can  be  partially  re- 
stored by  permitting  cesium  to  distill  back  from  the  trap 
to  the  cathode.  This  immediately  suggests  that  loss  of 
sensitivity  on  extended  baking  is  due  to  loss  of  cesium. 
This  view  also  agrees  with  the  results  of  Section  3.1 
which  indicate  an  optimum  cesium  content  at  which  infra- 
red sensitivity  is  a maximum.  It  must,  be  noted ^ however, 
that  the  cathode  sensitivity  is  not  an  accurately  re- 
versible function  of  cesium  content,  since  infrared  sensi- 
tivity is  not.  recovered  when  cesium  is  distilled  back  into 
the  cathode.  None  of  the  spectral  responses  of  Fig.  kO 
extend  as  far  into  the  infrared  as  does  curve  6 of  Fig. 

3r>.  Moreover,  the  thermionic  emission  never  rises  to  as 
high  a value,  after  distilling  cesium  back  to  the  cathode, 
as  wars  previously  attained.  These  observations  establish, 
therefore,  that  distillation  of  cesium  away  from  the 
cathode  is  not  the  only  change  which  accompanies  extended 
baking.  Other,  permanent,  changes  have  also  taken  place. 
This  is  hardly  surprising.  It.  is  obvious  that  extended 
baking  av  190-C  will  lead  to  grain  growth  of  botn  the 
cesium  oxides  and  precipitated  silver.  If,  moreover,  the 
(Cs/O)  ratio  for  the  cathode  were  initially  greater  than 
2 then  baking  would  result  in  the  formation  of  a volatile 
cesium  oxide  (see  Section  1.1)  and  h°nce  oxygen  is  also 
transported  away  from  the  cathode.  In  view  of  these  facts 
the  observation  that  reversibility  of  infrared  sensitivity 
is  incomplete  does  not.  seem  surprising. 


3.3  Distillation  Technique 
for  Preparing  Cs20 

The  work  of  Campbell^  t Prescott  and  Kellyl^  and 
Sayama2*  indicate  that  Cs^O  is  an  essential  ingredient 
in  a highly  infrared-3ensit ive  silver-oxygen-cesium 
nhotocathode.  It  seemed  logical  to  suppose,  therefore, 
that  a cathode  prepared  in  such  a way  as  to  contain  CS2O 
would  be  infrared-sensitive.  In  order  to  test  this  idea 
several  cathodes  were  therefore  Prepared  by  methods 
which  differ  from  those  commonly  used  but  which  .were  of 
such  a nature  as  to  produce  Cs^O  as  the  final  product. 

The  preparation  is  based  on  the  fact  that  on  heating 
(at  i90°C)  a suboxide  of  cesium  for  which  (Cs/0)>2  cesium 
can  be  distilled  out  and  the  final  solid  is  C52O.  It 
must  be  emphasized  that  it  is  a proven  fact  that  CsoO  is 
the  final  product  of  such  a process.  The  C32O  sampiee 
used  in  the  crystal  structure  determination  of  Part  III 
of  this  Final  Report  Series  were  prepared  in  this  way 
and  the  identity  of  the  product  established  conclusively. 
The  amount,  of  impurity  does  not  exceed.  0.1  mole  percent. 
Photocathode  PT2Z*C  of  the  proceeding  section  was  prepared 
for  the  purpose  of  test.inr  the  above  idea  but  the  test 
was  not  conclusive  because,  as  slated  in  the  previous 
section,  we  could  not  be  sure  that  the  cesium  introduced 
had  reacted  with  silver  oxide  sufficiently  to  make  the 
ratio  of  combined  cesium  to  oxygen  atoms  greater  than  2 
before  the  cathode  was  heated  to  190°C  and  the  distillation 
begun.  In  thi3  section  the  results  obtained  with  two  ad- 
ditional cathodes,  PT26  and  PT35C,  are  described.  In  the 
case  of  PT35C  there  is  no  doubt  that  the  (Gs/O)  ratio 
exceeded  2 before  distillation  begun.  In  the  case  of  PT26, 
a semitransparent  cathode,  the  same  questions  arise  as  in 
the  case  of  PT24C.  The  infrared  sensitivity  of  PT26  also 
turned  out  to  be  low,  *^e  now  know,  however,  that  this  is 
due  to  the  thin  silver  base  used  in  the  preparation  rather 
than  to  any  failure  to  produce  Cs20  in  the  cathode.  The 
results  are,  therefore,  included  since  they  illustrate  an 
important  point  although  not  in  quite  the  way  that  was 
anticipated  before  the  experiment  was  performed. 


3.31  Semitransparent  cathodes 

The  semitransparent  cathode  PT26,  described 
below,  was  prepared  in  such  a way  as  to  contain  CS2O  by 
first  adding  excess  cesium  to  the  tube  and  then,  at  190°C, 
distilling  out  some  of  the  excess  into  an  attached  cold 
trap.  Several  other  semitransparent  cathodes  were  pre- 
paid in  a similar  way,  and  also  by  other  methods.  The 
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results  obtained  for  PT26  are  typicel  of  the  whole  group. 

n| 

In  the  fabrication  of  PT26  the  tube  was  first  heated 
at  300°G  until  the  final  pressure  became  2xl0”°am  Hg.  . > 

After  evaporating  a 25^  transmission  silver  film,  the  * 

surface  was  oxidised  by  means  of  an  rf  glow  discharge  . | 

to  60$  transmission,  Thi3  process,  as  was  later  shown 
(see  Part  I),  corresoonded  to  complete  oxidation  of  the  | 

silver,  A second  silver  layer  was  then  deposited  to  rive 
a final  transmission  of  37$.  The  tube  was  then  evacuated, 
the  Ca2CrO|v-Si  pellet  fired,  and  the  tube  tipped  off  the 
vacuum  system.  The  dry  ice-acetone  trap,  which  was  sealed 
to  the  tube,  was  cooled  and  the  tube  baked  in  a manner 
similar  to  rT24,  but  at  successively  higher  temperatures 
starting  at  120°C.  The  baking  data  for  PT26  are  summarized 
in  Table  X, 

The  tube  PT26  did  not  develop  appreciable  sensitivity- 
in  the  infrared  portion  of  the  spectrum  as  shewn  in  Fig. 

42.  ^fter  the  first  bake  the  spectral  distribution  maximum 
wa3  at  595  m^and  the  long  x limit  at  &00  nyn*.  After  the 
fourth  bake  the  maximum  had  shifted  to  710  m^and  the  long 
wavelength  limit  to  1000  ryu  Following  the  fourth  bake  the 
sensitivity  steadily  decreased  in  the  manner  shown  by  cuives 
5 and  6 in  Fig,  42,  The  cathode  actually  had  a very  low^ 
sensitivity  as  shown  in  Fig,  43  where  the  relative  quantum 
yields  are  drawn  to  t-he  sane  scale  as  those  for  PT24C 
described  in  the  previous  section.  It  is  interesting  to 
note  that  the  form  of  curves  2,  3,  and  4 are  similar  to  the 
Class  II  curves  obtained  for  PT24o  after  deducting  the  Class 
I infrared  response  curves,  while  curve  6 is  similar  to  the 
curve  obtained  after  PT24C  had  been  given  an  extended  bake 
to  destroy  the  infrared  sensitivity.  The  introduction  of 
cesium  from  the  trap  followed  by  farther  baking  resulted  in 
a further  decrease  in  the  sensitivity.  During  the  processing, 
as  indicated  in  Table  X,  there  apoeared  +o  be  an  increase  in 
the  thermionic  emission.  It  Is  rather  doubtful  that  the 
recorded  current  is  due  to  thermionic  emission.  It  seems 
nrobable  that  an  ohmic  conduction  current  along  the  tube 
eoffl&lope  is  involved. 

After  a number  of  similar  exnerirn°nt s , U3ing  a variety 
of  baking  conditions,  it  was  concluded  that  a good  infrared 
semitransparent  cathode  could  not  be  readily  formed  using  a 
distillation  technique  for  producing  Cs20.  This  originally 
raised  the  question  of  whether  or  not  Cs20  was  the  ohoto- 
emitter.  Later  experiments,  however,  demonstrated  that  such 
a distillation  technique  is  a rather  complex  process  involving 
among  other  phenomena  a transport  of  a cesium  oxide  in  the 
vaoor  ohase  when  excess  cesium  is  ores^nt  (see  Section  4.1). 
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TABLE  X.  BAKING  BATA  FOR  SEMITRANSPARENT  CATHODE  PT26 
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FIG=  k'S.  RELATIVE  QUAKTUM  YIELD  VERSOS  FREQUENCY  FOR  PT-26. 
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This  factor  may  account  in  ->art  for  the  low  infrared 
sensitivity  compared  to  that  obtained  for  massive 
cathodes  such  as  PT24C  of  the  previous  section.  In 
view,  however,  of  the  pronounced  ef'cct  of  silver  base 
which  was  later  discovered  (see  Section  3.51)  it  now 
seems  likely  that  the  distribution  of  silver  in  the 
cathode  is  responsible  for  the  low  infrared  sensitivity. 
Since,  as  discu-sed  in  Section  1,  both  silver  end  Cs20 
are  probably  involved  in  producing  infrared  sensitivity 
this  is  probably  not  surprising.  Th<=“  result  obtained 
was,  however,  unexpected  at  the  time  the  experiments 
were  oer formed. 

In  speaking  of  PT26  as  having  a low  infrared 
sensitivity  we  are  thinking  in  terms  of  comparing  the 
tube  with  good  massive  cathodes  such  as  PT24C  or  with 
commercial  semitransparent  cathodes  such  as  the  PT25 
tube  of  Fig.  9.  *‘^hen,  however,  we  compare  the  sha^e  of 

the  spectral  response  curves  for  PT26  with  some  of  those 
given  by  the  investigators  listed  in  Tab?e  IV  of  Section 
1 we  see  that  there  is  not.  much  difference.  In  particular 
the  shapes  of  the  spectral  response  curves  of  Fig.  43  are 
rather  similar  to  those  obtained  by  Morozov  and  Butslov2^ 
in  the  study  of  wedge  type  photocathodes.  This  fact  is 
further  discussed  in  a later  section. 


3*32  Massive  cathodes 

As  a result  of  the  difficulties  encountered  in 
preparing  infrared-sensitive  semitransparent  cathodes  by 
a distillation  technique  it  was  desirable  to  establish 
whether  or  not  a similar  behavior  occurred  in  the  prepa- 
ration of  massive  cathodes.  To  illustrate  the  process 
for  massive  cathodes  the  data  for  tube  PT35  are  used. 

Tube  PT35  was  a massive  cathode  tube  similar  in 
design  to  the  tubes  used  in  the  composition  studies 
previously  discussed  in  Section  3*1*  Unlike  the  tubes  of 
Section  3.1,  however,  cesium  was  added  to  the  tube  while 
it.  was  still  attached  to  the  vacuum  Manifold  using  a 
galvanometer  to ‘measure  the  thermionic  emission  during 
cesium  addition.  The  cesium  flow  rate  was  controlled  by 
means  of  a 2.5  cm  section  of  2 mm  bore  capillary 
connecting  the  combination  cesium  source  and  trap  to  the 
tube.  The  flow  rate  is  therefore  considerably  larger 
than  those  of  Section  3.1.  After  introducing  excess 
cesium  into  the  tube,  the  side  tube  section  was  cooled 
with  a dry  ice-acetone  mixture.  The  fabrication  data  for 
PT35  are  given  in  Table  XI. 
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The  results  obtained  with  PT35  may  be  conveniently 
described  in  terms  of  the  thermionic  emission  and 
soect ral  response  curves.  The  results  are  as  follows: 

1.  During  fabrication,  cesium  was  introduced  beyond 
the  maximum  thermionic  emission  as  shown  in  Pis* 

11.  Although  the  tube  was  attached  to  the  vacuum 
manifold  during  cesium  addition  there  can  be  no 
doubt  from  the  anpearance  of  Fir„  11,  taken  in 
conjunction  with  the  results  of  Section  3.1,  that 
a (Cs/O)  ratio  greater  than  2 was  attained.  After 
sealing  the  tube  off  the  vacuum  system  the  soectral 
response  under  standard  conditions  had  a maximum  at 
650  m/A,  and  a long  wavelength  limit  o^  775  mu,  (curve 

1 Fig.  16) . 

2.  Baking  the  cathode  at  135°C  for  1?0  minutes  to 
distill  exces^  Cs  into  the  trap  did  not  result  in 
the  development  of  thermionic  emission  but  the 
response  maximum  shifted  from  65O  to  750  ryu  and  t.he 

‘ lon^-  wavelength  limit  from  775  to  1070  imjcurve 

2 Fig.  16} . T 

3.  After  rebaking  at  135°C  Tor  150  minutes  no  therm- 
ionic emission  apneared  but  the  nhotocurrent 
maximum  shifted  "rorn  750  to  775  m/A.  and  the  long 
wavelength  limit  from  1070  to  1160  mu.-  ( curvp  3 
Fig.  16) . 

1.  After  the  tube  and  trap  had  boon  at  room  temperature 
for  16  hours  the  response  was  remeasurad.  The  peak 
and  long  wavelength  limit  had  shifted  back  to  680 
and  900  mfu respectively  (curve  1 Fig.  16)  . The  loss 
in  sensitivity  is  due  to  the  accumulation  of  a thin 
film  of  cesium  on  the  cathode  at  room  temperature 
( see  Section  3*11) . 

5.  After  rebaking  at.  130°C  for  30  minutes  without 
developing  ao^reciable  thermionic  emission,  the 
oven  temperature  was  raised  to  160°C.  The  tube  was 
then  baked  to  constant  thermionic  emission  at  160°C 
ns  shewn  "y  t.he  bake  3 curve  of  Fig.  15.  The  tube 
developed  appreciable  infrared  sensitivity  as  shown 
by  curve  5 Ficr,  16.  Peak  and  long  wavelength  limits 
were  £*90  and  1350  respectively.  Note  the 
inflection  near  750  mjM. 
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FIQ.  46.  SPECTRAL  SEBSITIYITY  PT35C 
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6.  The  tube  wan  rebaked  at  169^0  beyond  a maximum 
in  thermionic  emission  as  shown  by  the  bake  4 
-;1  - ' curve  in  Fig.  45.  There  was  an  increase  in 

• "$■'-*  the  ohotoemission  but  the  peak  wavelength  and 
the  Iona  wavelength  limit  did  hot  change. 

After  the  trap  and  tub®  were  at.  room  temperature 

: Tor  7 days  the  spectral  response  .curve -( 7 Fig.;---- 

'■ _::i  .46L  v/as --s.imila:r-to  -t-hat  ' mr  tin  off  and - 
operation  4 above  (see  Oul,rion  3.11), 

B.  To  equilibrate  the  surface  with  excess  cesium 
the  tube  and  trap  were  baked  at  100°C  for  150 
minutes.  After  this  bake,  the  leakage  current 
was  too  large  to  determine  the  spectral  resnonse. 

9.  The  tube  was  baked  for  210  minutes  at  170°C  to 
distill  the  excess  cesium  into  the  trap.  The 
dotted  curve  in  Fig,  1$  corresponds  to  the 
leakage  current  through  the  tube  Produced  by 
the  excess  cesium  on  the  tube  walls.  The  baking 
was  continued  until  the  thermionic  emission  became 
stabilized . The  soect.ral  response  had  a maximum 
at  790  mjkuanri  a lone  A limit  of  1200  mfu 

10.  The  tube  was  rebaked  at  170°0  until  the  thermionic 
emission  passed  a maximum  as  shown  by  the  bake  7 
curve  Fig.  45.  The  spectral  sensitivity  of  the 
cathode,  decreased  but  +^he  maximum  shifted  from 
790  to  B75  m/u/and  the  long  A limit,  f rom  1200  to 
12  50  nyu*.  ' 

The  rirst  observation  on  the  data  for  PT35C  concerns 
the  hypothesis  of  two  tvnes  o* . emi tt ing  centers  for  massive 
cathodes  which  was  advanced  in  Section  3,2.  Curves  5 and 
6 of  Fig.  46  again  strongly  suggest  that  two'  tyres  of 
centers  are  contributing  to  photoelectric  emission.  It 
must  be  noted,  however,  that  maximum  photoelectric  yield 
is  obtained  at.  about  900  iryu/in  curves  5 and  6 of  Fig.  46. 
Whereas  the  maximum  obtained  in  bake  6 on  PT24C  (see  Table 
IX)  lies  at  9B0  nyu*  The  trend  shown  in  Fig,  46  suggests 
that  farther  baking  of  PT35C,  perhaps  at  higher  temperatures 
would  move  the  maximum  further  into  the  infrared.  It  is 
found,  however,  that  once  a r>hoto cathode  has  been  exposed 
to  a large  excess  of  cesium  it  is  not  easy  to_ .attain,  the 
high  infrared  sensitivity  characteristic  of  the -"normal*’ 
massive  .athodes  discussed  in  Section  3*13-.  In  some 
experiments  on  othe"  massive  cathodes,  which  had  been  ex- 
posed to  large  excesses  of  cesium,  it  was  necessary  to  heat 
the  tube  envelope  with  a hand  torch  in  order  to  achieve  the 
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the  desired  state  from  one  side  and  PT35C  prorides  an 
example  in  which  approach  takes  place  from  the  opposite 
side.  The  results  obtained  for  PT35C  strongly  suggest 
that  is  involved  in  the  production  of  nhoto- 

electroris  on  illumination  with  infrared  radiation.  We 
note,  however,  the  very  great  difference  between  the 
results  obtained  for  PT35C  and  those  obtained  with  the 
seraitransparent-cathode  PT26  discus  ed  in  the  previous 
section.  This  difference  strongly  suggests  that  G s ;>0 
alone  is  not  enough  to  ensure  high  infrared  sensitivity, 
a result  which  agrees  well  with  Previous  work  as  out- 
lined in  Section  1. 


3.4  Baking  and  Excess  Cesium 

In  Section  3.1  we  have  outlined  at  some  length  a 
theory  of  cathode  composition  in  which  it  is  proposed 
that  cathodes,  prepared  to  maximum  thermionic  emission, 
contain  two  oxides  of  cesium.  One  of  these,  CS2O 
(mixed  with  silver)  constitutes  the  source  of  photo- 
electrons while  tne  otner  (a  higher  oxide  of  cesium) 
serves  as  a "regulator"  which  at  equilibrium  fixes  the 
concentration  of  "adsorbed  cesium"  at  (or  near)  its 
optimum  value.  (The  term  "adsorbed  cesium"  has  been 
previously  discussed  in  Section  3.1  and  its  significance 
will  be  further  clarified  in  Section  3.7  after  more  ex- 
perimental results  have  been  presented.)  If  this  view 
is  correct  then  an  important  function  of  a baking 
operation  is  to  establish  equilibrium,  or  an  approximation 
to  equilibrium,  in  the  cathode  provided,  of  course,  that 
the  baking  operation  is  not  so  prolonged  or  conducted  at 
such  a high  temperature  as  to  bring  about  extensive 
reaction  with  the  glass  envelope  of  the  cathode.  More- 
over, it  was  pointed  out  in  Section  3.1  that  the  cathode 
reactions  are  slow  even  at  190°C  and  are  no  doubt  very 
much  slower  at  room  temperature.  As  a test  of  the  above 
proposal  we  have  therefore  performed  several  experiments 
in  which  very  small  amounts  of  cesium  are  added  to  the 
cathode  at  room  temperature.  If  (1)  the  cathode  reactions 
are  actually  slow  at  room  temperature  and  (2)  the  cathode 
contained  the  optimum  amount  of  "adsorbed  cesium"  as  the 
result  of  a proceeding  eauilibrating  bake  then  the  ad- 
dition of  cesium  at  room  temperature  should  reduce  the 
infrared  sensitivity  (due  to  exceeding  the  optimum 
"adsorbed  cesium" combination ) and  the  infrared  sensitivi- 
ty should  be  recovered  on  rebaking  the  cathode  since  this 
re-establishes  equilibrium  between  the  higher  cesium 
oxide,  "adsorbed  cesium",  and  C&20,  The  results  of  such 
an  experiment  are  given  in  Section  3.41  below  and  the 
above  predictions  are  confirmed.  Moreover,  the  change 
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in  soectral  response  brought  about  by  a slight  excess 
of  ’’adsorbed  cesium”  is  very  clearly  revealed. 

In  Section  3«12  are  given  the  results  obtained  on 
baking  a series  of  cathodes  in  which  equilibrium  Is 
apparently  not  established,"  probably  because  thQ  rate 
of  addition  of  cesium  to  the  cathodes  vraa  much  higher 
than  in  the  preparation  of  the  'cathode-  mentioned 
above.  The  cathodes  of  Section  "),U2  are  mashTve 
cathodes  but  the  method  of  preparation  is  similar  to 
that  of  semitransparent  cathodes,  outlined  in  Section 
1.2,  at  least  in  the  manner  in  which  the  extent  of 
cesium  addition  is  controlled.  The  results  seem  to 
have  some  practical  value  in  indicating  the  effect  of 
baking  on  such  cathodes. 


3.11  Room  temperature 
5s  addition 


During  the  fabrication  of  cathode  PT53,  two 
experiments  were  performed  which  illustrate  the  effect 
of  room  temperature  cesium  addition  on  the  nhotoemission. 
In  the  fabrication  of  PT53  at  I50°C  the  cathode  was 
oxidized  to  a second  order  yellow  color  corresponding  to 
9.81x10-°  gramatoras  of  oxygen.  Cesium  was  added  to  the 
tube  at  a rate  of  6,13x10-8  mole  per  minute  at  150°C 
(7  cathode  monolayers  per  minute)  and  at  a rate  of 
1.6x10-11  moles  per  minute  at  room  temperature.  Tube 
PT53  was  of  the  type  used  in  Section  3.1  for  the  study 
o“f  the  development  of  thermionic  and  photoelectric  e~ 
mission. 

In  the  initial  fabrication  of  PT53  the  cesium  ad- 
dition was  discontinued  shortly  beyond  the  thermionic  e- 
mission  maximum  and  the  tube  stabilized  at  150°C.  After 
cooling  the  tube  to  room  temperature  the  spectral  response 
was  measured  and  the  cesium  source  was  cooled  over  night 
with  a dry  ice-ncetone  mixture.  No  change  in  spectral 
response  took  place  on  standing.  This  shows  that  the 
tube  is  stable  as  long  as  cesium  is  not.  being  added.  The 
following  day  the  cesium  source  was  warmed  to  room 
temperature  and  th**  change  in  spectral  response  with  time 
determined.  The  change  in  the  spectral  response  during 
85.75  hours  of  cesium  addition  is  shovm  by  curves  2 
throxxgh  7 in  Fig.  After  the  response  had  changed  to 

curve  7 the  tube  was  rebaked  at  190°C  with  the  cesium 
source  cool  t.o  give  the  final  response  curve  8.  The 
thermionic  and  photoelectric  emission  durin~  the  190°C 
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FIG.  k9.  ROOM  TEMPERATURE  CESIUM  ADDITION  TO  PT53 
AFTER  INITIAL  FABRICATION 
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bake  increased  to  stable  maximum  values,  During  the 
room  temperature  cesium  addition  the  tube  gross 
composition  was  changed  from  1*609  to  1.617  (Cs/0). 

During  bake  3 (at  150°C)  cesium  was  added  to  the 
tube  (PT53 J to  give  a gross  composition  of  2.062. 

After  cooling  the  cesium  source  the  photosurface  was 
stabilized  at  150°C  and  the  tube  finally  cooled  to 
room  temperature.  During  cesium  addition  to  this 
surface  at  room  temperature  the  spectral  response  of 
the  tube  changed  from  curve  11  to  16  in  Fig.  50.  The 
tube  was  then  rebaked  at  150OC  to  constant  thermionic 
and  photoelectric  emission  with  the  cesium  source 
cool.  As  shown  in  Fig.  50  the  baking  resulted  in  the 
recovery  of  the  original  spectral  response.  The  room 
temperature  cesium  addition  corresponded  to  a change 
of  the  (Cs/0)  mole  ratio  from  2.062  to  2.072. 

Before  discussing  the  above  results  several 
features  of  the  response  curves  immediately  after 
baking  deserve  comment.  Curve  2 of  Fig.  19  contains 
two  maxima  one  at  750  nyu/and  the  other  at  950  m i/u 
This  again  emphasizes  the  possibility  of  two  types  of 
emitting  centers  which  has  already  been  pointed  out  in 
Section  3.2  in  the  discussion  of  tube  PT21C  and  further 
suggested  by  the  spectral  responses  of  Fig.  16  for 
PT35C*  ^e  note  in  passing  that  double  maxima  similar 
to  curve  2 of  Fig.  1-9  have  also  been  obtained  for  other 
tubes  with  a relatively  low  (Cs/0)  ratio  (*#1.0 ) and  when 
such  tubes  are  cooled  to  room  temperature  there  i3 
generally  an  appreciable  increase  in  (Fi-Fo)  response. 

The  reason  for  such  behavior  is  not  entirely  clear. 

The  spectral  response  for  the  cathode  after  the 
third  bake  (curve  11  Fig.  50}  no  lopger  ha3  a double 
maximum  although  an  inflection  is  evident  in  the  vicini- 
ty of  750  syu*  thus  suggesting  that  two  types  of  emitting 
centers  are  still  present  although  the  effect  of  one 
type  is  somewhat  obscured  by  the  predominance  of  the 
other.  Curve  11  of  Fig.  50  is  typical  of  a rood  infra- 
red-sensitive  massive  cathode  with  a maximum  at  9#5  w, 
half  maximum  at  1115  ra/t,  and  long  wavelength  limit  of 
llv50  ay*. 

It  has  previously  been  pointed  out  in  Section  3.12 
that  tube  PT53  repeatedly  recovered  high  infrared 
sensitivity  on  cooling  the  cesitun  source  and  cooling 
the  tube  throughout  the  composition  range  1.6<(Cs/0)<2,g. 
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FIG:  50.  SJSCOKD  BOOM  TOffBEUlOBF  CKSIflM  ACOmOW 
TO  FT53  AFTER  BAKU  3 - 150°C. 


This  is  not  due  to  the  fact  that  Cs-jG  ia  infrared- 
sensitive  (see  Section  1.23)  but  is  probably  due  to 
the  fact  that  cesium  collects  on  the  tube  envelope 
as  well  as  the  cathode  so  that  the  gross  (Cs/O)  ratio 
is  considerably_^reater  than  the- cathode  (Cs/O)  ratio. 

Itr  must  be  emphasized  that  tube  P?53  gave  no  indi- 
cation-of  being;  an  abnormal  tube.  In  particular  no 
indication  of  a leak  was  obtained  at  any  stage.  So 
much  data  were  accumulated  on  this  tube  that  a number 
of  important  points  were  established  and  hence  the 
repeated  references  to  the  results  throughout  this 
report . 

The  data  of  Pigs.  19  and  50  clearly  show  hew 
markedly  a small  amount  of  cesium  can  affect  infrared 
sensitivity.  It  is  also  evident  that  infrared  sensitivi- 
ty is  readily  restored  by  heating  the  tube  to  a low 
temperature  for  a short  time.  As  the  results  of  Section 
3.1  show,  the  cathode  reactions  a^e  slow  even  at  high 
temperatures  and  the  rate  of  reaction  of  cerium  must  be 
verv  slow  indeed  at  room  temperature.,  The  changes  of 
Figs.  19  and  50  are  almost  certainly  due  therefore  to 
the  accumulation  of  a layer  of  "adsorbed”  cerium  on  the 
cathode  surface.  The  recovery  on  bakin"  is  easy  to 
understand.  For  the  cathode  still  contains  an  oxidizing 
agent  (a  higher  oxide  of  cesium)  which  reacts  with 
adsorbed  cesium  at  an  anprer.iable  rate  on  baking.  Thus 
reducing  the  concentration  of  adsorbed  cesium  to  its 
optimum  value.  The  fact  that  the  gross  (Cs/O)  ratio 
slightly  exceeds  2 in  one  case  does  not  render  this 
argument  invalid  since  a considerable  proportion  of  the 
total  cesium  is  on  the  tube  envelope  rather  than  the 
cathode.  It  is  quite  interesting  that  cesium  addition 
tends  affect  the  maximum  at  950  ny»u  more  strongly  than 
that  at  750  In  both  Figs,  19  and  50  the  response 

seems  to  anproach  to  one  with  a maximum  at  750  ny^  and  a 
long  wavelength  limit  of  900  - 1000  This  is  re- 

markably similar  to  the  Class  II  resjxmse  for  PT21C 
{Section  3.2)  and,  moreover,  the  similarity  to  the  long 
wavelength  maxima  listed  in  'Table  IV  is  ouite  clear.  It 
is  notable  that  several  of  the  investigators  listed  in 
Table  IV  resorted  that  +heir  nhotocathodes  contained 
excess  cerium,  e.g.  7f>  excess  was  reported  by  Prescott 
and  Kelly.  This  resoonse  with  a 750  ny*  maximum  is 
frequently  encountered  and  seems  to  soma  degree  unique. 

It  must  be  added,  howeVer,  that  the  addition  of  large 
excesses  of  cesium,  in  other  experiments,  shifts  the 
resnonse  maximum  to  a 'out  650  nyt/  and  the  long  wavelength 
limit  to  600  ny*.  Inspection  of  Figs.  19  and  50  shows  at 
once  why  the  accumulation  of  a thin  layer  of  cesium  on 
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the  cathode  during  Processing  so  reduces  the  infrared 
sensitivity,  as  discussed  in  Section  3.1.  The 
spectral  response  curves  U and  7 of:  Fig.  h 6,  for 
PT3I50,  also  become  understandable  at  once  in  terms  of 
these  results.  The  theory  mentioned  in  the  introduction 
-».to  the  present  section  seems  to  be  confirmed. 

The  change  in  photoemission  at.  900  and  1000  ra^A. 
during  the  room  temperature  cesium  addition  to  PT53  is 
shown  in  Fig.  51  as  a function  of  the  amount  of  cesium 
added.  The  infrared  sensitivity  is  practically  elimi- 
nated before  the  equivalent  of  a cesium  monolayer  had 
been  deposited  over  the  interior  surface  of  the  tube 
(envelope  and  cathode).  It  is  thus  apparent  that  a 
cathode  stable  at  room  temperature  may  not  be  obtained 
If  any  cesium  source  exists  in  the  tube. 

The  loss  in  sonsitivitv  during  the  cesium  addition 
to  the  high  infrared-sensitive  surface  is  even  more 
clearly  shown  by  the  difference  curves  in  Fig.  5k.  The 
progressive  loss  of  infrared  response  corresponds  rather 
closely  to  the  gain  obtained  during  the  hip-h  temperature 
distillation  of  excess  cesium  away  from  the  rhotosurface 
discussed  in  Section  3.22.  However,  the  two  cases  are 
not  chemically  equivalent.  The  recovery  on  baking,  the 
surface  with  a small  amount  of  surface  excess  cesium  is 
rapid  even  at  only  130°C . Where  a large  excess  is 
present,  as  in  Section  3.22,  the  Photoemission  may  not 
be  readily  recovered  by  even  prolonged  baking  at  low 
temperatures  </vl30°C).  This  difference  is  due  to  the 
fact  th^t  the  surface  to  which  a small  amount  of  cesium 
was  added  contained  an  oxidising  agent,  namely  cesium 
oxides  higher  than  CS2O.  When  large  excesses  are  present 
removal  of  the  excess  requires  distillation  away  from  the 
surface  to  a trap  or  to  the  tube  wall. 


3 .k 2 Baking  and  infrared 
sensitivity 

The  cathodes  which  have  been  described  thus  far 
have  been  prepared  under  rather  carefully  controlled  con- 
ditions. The  tubes  for  the  most  part  were  processed 
without  completely  sealing  off  the  cesium  source.  It 
is  therefore  of  interest  to  now  briefly  consider  cathodes 
prepared  under  conditions  even  more  closely  comparable  to 
commercial  processing  conditions.  In  this  case  cesium 
mav  be  added,  while  the  phototube  i3  still  attached  to  the 
vacuum  system,  until  the  maximum  thermionic  emission  is 
reached.  At  this  point  the  cesium  source  is  cooled  and 
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, after  the  thermionic  emission  -pae&es  a second  maximum 
the  tube  is  cooled,  (this' method  of  control  is  . 
especially  prevalent  in  the  preparation -of-  semitrans- 
parent cathodes. ) After  sealing  off  the  cesium  source 
the  tube  is' sealed  off  the  vacuum  system-.  At  this 

stage  the  cathode  frequently  exhibits  a low  sensitivity 

and  a spectral  response  which  changes  with  time  at  room 
temperature.  Consequently  the  cathode  is  given  a 
' stabilizing”  bake  in  order  to  obtain  constant  response. 
Since  the  tube  remains  attached  to  the  vacuum  line 
throughout  the  cesium  addition  it  i3  ..clear  that 
composition  is  not  determined.  The  only  control  is 
exercis'ed  by  measurement  of  thermionic  emission.  These 
tubes  are  obviously  much  less  well  characterized  than 
those  of  previous  sections. 

The  variety  of  spectral  response  characteristics 
which  may  be  obtained  during  the  fabrication  of  3uch 
tubes  is  illustrated  by  the  data  obtained  during  the 
preparation  of  tubes  PT36,  PT37,  PT1563-93  and  PT15&3-98. 
The  first  two  tubes  are  massive  silver  cathode  tubes 
formed  on  a base  of  sheet  silver;  whereas  the  latter  two 
are  tubes  formed  on  bases  of  thick  evaporated  silver  film 
using  the  tube  design  of  Fig.  14.  The  fabrication  data 
are  summarised  in  Table  XII.  The  results  obtained  are 
discussed  below. 

PT36C,  In  the  fabrication  of  PT36C,  cesium  addition  was 
continued  beyond  the  first  maximum  in  thermionic  emission 
ae  shown  in  Fig.  55,  The  tube  was  cooled  after  the  second 
maximum  was  passed,  the  cesium  source  sealed  off,  and  the 
tube  sealed  off  the  vacuum  system.  The  soectral  response 
of  PT36C  after  seal-off  (curve  1 Fig.  56)  indicates  the 
presence  of  excess  cesium  on  the  surface. 


The  tube  was  first  baked  for  60  minutes  at  130°C, 
and  then  rebaked  for  100  minutes  at  130°C.  The  spectral 
response  after  each  bake  i3  shown  in  Fig.  56,  The  long 
wavelength  limits  after  the  bakes  were  at  1300  and  1350  nyu* 
respectively,  the  maximum  photocur  *ent  at  905  m/u  and  915  mj*, 
and  the  half  maximum  currents  at  1005  and  l030  mu,  respective 
ly.  The  change  in  sensitivity  from  immediately  after  seal- 
off  to  the  first  bake  is  shown  by  the  dotted  curve  in  Fig. 
56.  This  bake  added  a comoonent  of  photoemission  similar 
to  the  series  obtained  in  PT35C.  The  suggestion  of  two 
types  of  emitting  centers  is  again  obvious. 


After  baking  the  cathode  for  2400  minutes  at  T30°C 
the  photosensitivity  decreased  to  curve  4 in  Fig.  56.  The 
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TABLE  XII.  DATA  FOR  COMPLETELY 
.FABRICATED  CATHODES, 
i CESIUM  SOURCE  REMOVED 
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maximum  shifted  from  905  to  675  nyM*  and  the  long  wave- 
length limit  from  1350  ny*,  to  1150  This  spectral 

response  corresponds  to -the  one  obtained  -in  PT21»,C 
.after  long  baking  at  160  - 190°C. 

PT37C»  For  the  cesium  addition  to  PT37C,  a cerium 
chromate -silicon  channel  (hCA  part  No.  FZ  607^)" was  ' 
mounted  in  a side  tube  with  a large  bore  connecting 
tube  to  the  oho  to  tube . Thera  te  of  addition  of  .cesium  . 
was  “ cont rolled  by  -the.  . heating  current  to  the  channel. 

The  addition  of  cesium  was  discontinued  at  the  first 
maximum  in  thermionic  emission.  When  the  cesium  ad- 
dition was  stopped  the  thermionic  emission  rapidly  in- 
creased to  a second  maximum  as  shown  in  Fig.  57.  The 
tube  was  cooled  immediately  after-passing  this  second 
maximum.  The  spectral  response,  after  tip  off,  had  a 
maximum  at  650  m P*  and  a long  wavelength  limit  of 
1150  ny«,(Fig.  58)  . 

After  the  tube  was  baked  to  constant,  thermionic 
amission  at  130°C,  a good  infrared-sensitive  surface 
was  obtained  as  shown "in  Fig.  58.  For  this  surface, 
the  photoemission  maximum  was  at  955  nyt,  the  half 
maximum  wavelength  at  1076  rye,  and  the  long  wavelength 
limit  was  1^50  ny*. 

The  tube  was  then  robaked  to  constant  thermionic 
emission  at  156°C.  In  order  to  obtain  data  for  the 
computation  of  the  thermionic  work  function,  the  therm- 
ionic emission  at  a series  of  lower  temperatures  was 
measured.  This  second  bake  resulted  in  very  small 
changes  in  spectral  response  as  shown  by  the  difference 
curve  for  bakes  1 and  2 at  the  top  of  Fig,  58. 

The  thermionic  current  is  plotted  on  a log  scale 
as  a function  of  the  reciprocal  of  the  absolute 
temperature  in  Fig.  59.  The  corresponding  thermionic 
work  function  was  0.51  ev.  In  the  figure  it  is  of  interest 
to  note  that  the  point  for  the  final  thermionic  emission 
at  185°C  before  cooling  the  tube  lies  on  the  curve  defined 
by  the  lower  temperature  bake  data.  This  fact  suggests 
that  the  surface  obtained  on  removal  of  the  superficial 
cesium  layer  by  baking  corresponds  to  the  high  temperature 
thermionic  emitting  surface.  Thus,  considering  the 
reversible  loss  of  infrared  sensitivity  with  increased 
temperature,  the  interesting  situation  exists  where  the 
infrared  sensitivity  decreases  with  increasing  temperature 
while  the  thermionic  emission  increases  markedly. 
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FIG.  59.  THERMIONIC  EMISSION  VERSUS  THE 
RECIPROCAL  OF  THE  ABSOLUTE 
TEMPERATURE  - PT^C- 
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PT158^~93«  In  the  massive  cathode  tubes  PTX588-93  and 
Pfx533^9o,  the  cathode  was  a thick  silver  film  deposited 
on  a microscope  cover  glass,  which  wae  then  mounted  on 
% a tantalum  clip  support -(see  Pig.  IX).  During  the- fabri- ' 
cation  of  PT1588-93  the  cesium  addition  was  discontinued 
before  .the  first  maximum  thermionic  'emission.  After 
discontinuing  the  cesium  addition , the  thermionic  emis- 
v'  aicn  increased  to  a maximum- and  then  rapidly  decreased 
aa^shown  in  Pig.  60*  The  spectral  response  after  tip 
off  (Pig,  61)  is  similar  to  that  observed  in  PT36  and 
. PT37»  This  distribution  is  interpreted  as  resulting  from 
a thin  layer  of  excess  cesium  on  the  cathode.  The  layer 
probably  results  partly  from  distillation  of  cesium  onto 
the  cathode  during  sealing  off  from  the  vacuum  system  and 
sealing  off  the  cesium  source. 


Baking  the  cathode  for  1 hour  at  125°C  resulted  in 
an  increase  in  the  photoemission.  The  spectral  response 
measurement  showed  that  the  cathode  was  least  sensitive 
at  the  bottom  and  the  greatest  at  the  top  as  shown  by 
curves  1A  2A,  3A  in  Pig.  61.  After  a second  bake  of  1 
hour  at  l$OOC  there  was  a marked  decrease  in  the  infrared 
sensitivity  as  shown  by  curves  IB,  2B,  and  3B  in  Fig. '61. 
Thua  a process  was  occurring  during  the  baking  operation 
which  tended  to  destroy  the  infrared  sensitivity  during 
baking  at  130°C.  The  conditions  leading  to  this  loss  are 
not  understood  at  the  present.  It  has  been  observed  that 
the  time  required  to  destroy  the  infrared  sensitivity  of 
cathodes  prepared  under  carefully  controlled  processing 
conditions  is  quite  long  at  130°C.  Considering  the  ex* 
perlmental  conditions  it  appears  probable  that  the  decline 
or  baking  is  the  result  of  chemioal  reactions  at  the 
phot.oaurface  rather  than  a mere  change  in  cathode  micro 
structure.  The  variation  in  sensitivity  with  cathode  area 
was  related  to  the  oxidation  of  the  silver  surface.  During 
the  asisembly  of  the  tube,  the  cathode  became  heated  so 
that  the  silver  at  the  top  recrystallized  to  a coarse  grain 
structure  while  the  bottom  surface  remained  a smooth  re- 
flecting film.  The  appearance  after  oxidation  suggested 
that  the  depth  of  oxidation  was  greatest  at  the  top  of  the 
cathode* 


PT1588-98.  In  the  glow  discharge  oxidation  of  the  PT1588-98 
cathode!,  X. 8x10*7  moles/cnr  of  oxygen  (O2)  ware  deposited. 
In  the  activation  step,  the  cesium  addition  was  continued 
slightly  beyond  the  firot  maximum  in  thermionic  emission  as 
shown  in  Pig.  62.  The  spectral  sensitivity  of  the  cathode 
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after  sealing  off  from  the  vacuum  system  had  a rather 
flat  peak  extending  from  ?25  to  920  as  shown  by  ■.■>'/* 

curve  1 Fig.  6k.  Immediately  after  seal-off,  the  ~ 
sensitivity  maximum  was  at  910  n fy  the  long  wavelength 
limit  at  1300  and  the  half  maximum  photocurrent 
wavelength  at  1020  m^s 

The  thermionic  emission  versus  time  curves  for — 
the  first  bake  of  98  minutes  at  130°C,  and  the  second 
bake  of  100  minutes  at  130°C  are  shown  in  Fig.  63. 

During  the  second  bake  at  130°0,  the  thermiohdrc  emission 
became  constant  and  the  tube  was  baked  at  a series  of 
lower  temperatures  in  order  to  obtain  data  for  computing 
the  thermionic  work  function.  The  change  in  sensitivity 
of  the  cathode  during  these  bakes  was  rather  small  as 
shown  by  curves  2 and  3 Fig.  64.  After  the  second  bake 
the  photocurrent  maximum  was  at  930  ny*,  the  long  wave- 
length limit  at  1400  mu.  and  the  half  maximum  current 
wavelength  at  1078  nu*.  The  thermionic  work  function 
after  the  second  13CFC  bake  was  0.84  ev.  (1480  n \ju) 
determined  from  a graph  of  log  I versus  the  reciprocal 
of  the  absolute  temperature.  The  result  may  be  compared 
to  the  observed  long  wavelength  limit  of  1400  njx.(0.88  ev.). 
The  true  photoelectric  threshold  is  at  shorter  wavelengths, 
but  the  actual  difference  in  the  two  work  functions  is 
small  compared  to  that  for  PT37C.  In  PT37C,  the  thermionic 
work  function  was  0.51  ev.  (2420  ny*) , whereas  the  observed 
long  wavelength  limit  was  1500  m/i»(0.83  ev.).  Thus, 
corresponding  to  only  a small  difference  in  the  observed 
long  wavelength  limits,  there  is  a large  difforence  in 
the  thermionic  work  functions. 


By  baking  the  tube  at  a series  of  higher  temperatures, 
the  infrared  sensitivity  was  further  increased  as  shown  by 
curves  4.  5.  and  6 in  Fig.  64.  The  corresponding  therm- 
ionic emission  curves  for  bakes  3 at  160°C  and  4 and  5 at 
18C°C  are  shown  in  Fig.  63.  It  is  of  interest  to  note  that 
the  thermionic  emission  in  bake  5 (180°C)  had  decreased  to 
half  the  maximum  value  and  was  2/5  of  the  final  thermionic 
emission  after  bake  4 (180°C)  but  the  photoemissiorr  after 
bake  5 was  greater  than  for  bake  4.  This  result  also 
suggests  that  a 1:1  correspondence  between  photoemission 
and  thermionic  emission  does  not  exist  for  this  photosurface 


The  tube  was  then  baked  at  190°C  until  the  rate  of 
decrease  of  the  thermionic  current  with  time  became  small 
(curve  6 Fig.  63).  This  bake  markedly  decreased  the 
photosensitivity  of  the  tube  as  shown  by  curve  7 Fig.  64. 
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The  final  response  curve  Is  similar  to  the-  curve 
obtained  after  extended  baking  of  the  cathodeB 
and  PT24C . 

The  spectral  response  curves  :?dr^PT156#-9$  scaled 
to  the  same  photocurrent  at  700  hu*  are 'shown  in  Fig,  65. 
The  change  in  the  photocurrent  during  the  baking  — . ' 
operations  relative  to  the  sensitivity  after- tip  off  is 
shown  In  Fig.  66.  From  these  figures,  it  is  evident 
that  the  baking  operations  not  only  increased  the  number 
of  emission  centers,  but  also  resulted  in  the  production 
of-  new  centers  which  contribute  in  the  long  wavelength 
region  beyond  900  sy*  During  the  baking  operation,  the 
long  wavelength  limit  changed  from  930  to.  1450  n yt. 


Discussion. 

In  considering  the  significance  of  the  results 
obtained  on  the  four  tubes  discussed  above  we  must  keep 
in  mind  the  fact  that  the  cathode,  and  tube,  composition 
is  unknown.  Cesium  added  to  each  tube  reacts,  in  part, 
with  the  cathode,  in  part  with  the  tube  envelope  and  tbe 
remainder  is  pumped  out  into  the  vacuum  manifold.  How 
much  of  the  cesium  remadne  on  the  cathode  depends  on  the 
rates  of  the  cathode  reactions  relative  to  the  rates  of 
the  other  processes.  It  is  quite  possible,  and  likely 
that  the  cathode  composition  at  which  maximum  thermionic 
emission  is  reached  depends  on  the  rate  of  cesium  ad- 
dition. For  according  to  the  interpretation  of  Section 
3.1  the  amount  of  cesium  in  the  surface  layer  depends 
both  on  the  rate  of  addition  and  the  rate  of  the  cathode 
reaction.  Thermionic  omission  is  greatly  influenced  by 
the  amount,  of  cesium  in  this  surface  layer.  The  rate  of 
addition  of  cesium  to  the  Dhotocathode  was  much  higher 
for  each  of  the  four  phototubes  discussed  above  than  for 
the  tubes  of  Section  3.1* 


With  these  facts  in  mind  we  now  consider  the  behavior 
of  these  tubes  in  comoarison  with  those  of  Section  3.1 
which  were  prepared  under  more  carefully  controlled  con- 
ditions. The  first  observation  concerns  the  behavior  of 
thermionic  emission.  From  Figs.  55,  57,  60,  62  it  is 
evident  that  immediately  after  interrupting  the  flow  of 
cesium  the  thermionic  emission  rises,  in  agreement  with 
the  observations  of  Section  3.1  on  the  preparation  of 
cathodes  at  190°C.  However,  after  halting  cesium  flow 
the  thermionic  emission  rose  to  a maximum  and  then  began 
to  decline  rapidly.  This  is  the  behavior  observed  in 
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Section  3.1  for  cathodes,  prepared  at  190°C,  before 
the  second  maximum  in  thermionic  ©mission  at  (Cs/0)3fl.6 
had  been  reached*  In  Section  3*1  the  hypothesis  was  — 
advanced  that  such  tubes  contain  unreduced  silver  oxide. 

If  this  is  correct,  then  all  four  of  the  tubes  discussed 
in  the  present  section  behave  as  though  they  also 
contained  3ilver  oxide.  This  is  further  suggested  by  the 
fact  that  three  out  of  the  four  tubes  showed  a pronounced 
decrease  in  infrared  sensitivity  on  prolonged  baking 
sometimes  even  at  rather  low  temperatures.  Moreover,  the 
double  maxima  obtained  in  the  spectral  response  curves  in 
several  cases  are  also  compatible  ^ith  a cesium  deficiency 
as  pointed  out  in  Section  3.41.  On  the  whole,  the  data 
are  in  fairly  good  accord  with  the  suggestion  that  the 
tubes  are  cesium  deficient  and,  moreover,  that  phase 
equilibrium  is  far  from  established  in  the  cathode.  This 
might  well  be  expected  because  of  the  high  rates  of  cesium 
addition  employed.  These  results  further  suggest  that 
considerable  care  should  be  exercised  in  baking  a photo- 
cathode prepared  in  the  manner  employed  in  the  present 
section.  Moreover,  where  massive  cathodes  are  being  pre- 
pared by  such  methods,  some  additional  cesium  should  be 
added  when  thermionic  emission  first  rises  and  then  falls 
on  halting  cesium  flow.  How  far  this  should  be  carried 
can  be  determined,  >with  a given  cesium  flow  rate,  only  by 
trial.  The  indications  are,-  however,  that  a more  stable 
cathode  can  be  obtained  by  means  of  this  procedure.  Infra 
red  sensitix'ity  is  also  likely  to  be  higher.  With  the 
discussion  of  these  particular  cathodes  out  of  the  way  we 
now  pass  on  to  a more  general  consideration  of  the  baking 
operation. 

Indications  are  strong  that  the  primary  function  of 
a baking  operation  is  to  remove  excess  cesium  from  the 
cathode.  In  arriving  at  this  tentative  conclusion  we 
have  considered  not  only  the  data  of  the  present  section 
but  also  the  results  of  baking  a variety  of  cathodes 
discussed  throughout  the  report.  It  must,  be  emphasized 
that  the  above  statement  applies  to  massive  cathodes.  In 
the  case  of  semitransparent  cathodes  other  factors  enter, 
as  discussed  later.  The  above  view  has  been  stated  in 
several  previous  sections  without  a detailed  discussion. 

It  seems  appropriate  therefore  to  review  the  evidence 
which  favors  it.  In  considering  this  evidence  it  is 
useful  to  group  the  photocathodes  to  be  considered  into 
three  groups  as  follows.  (A)  Cathodes  of  the  first  group 
are  deficient  in  cesium,  i.e.  (Cs/0)<2,  and  the  cssium 
deficiency  is  so  great  that  some  cathode  constituent 
remains  which  is  capable  of  reducing  cesium  content  of  the 


f. Ittfrarod-tfensitive  ingredient  below  that  required  for 
maximum  s^iisit ivity It  has  been  proposed  tentatively 
that  silver  oxide  is  an  Ingredient-  capable  of-  so 
reducing  the  cesium  content,  of  the  infrared-sensitive 
constituent.  (B)  Cathodes  for  which  (Cs/0)<2  but  for 
which  the  strong  oxidizing  agent,  mentioned  in  ( \) , 
has  disappeared.  These  cathodes  contain,  however,  a 
milder  oxidizing  agent  (a  higher  cesium  oxide)  which  is 
capable  of  oxidizing  exces^f'cesium  to  CspO.  This  is 
the  "regulator”  mentioned  in  Section  3.12.  High  infra- 
red sensitivity  is  obtained  with  this  cathode  when  phase 
equilibr5.um  is  established  in  the  cathode. ^ { C ) Cathodes 
which  contain  so  much  excess  cesium,  (Cs/C)r2,  that  both 
silver  oxide  and  the  "regulating"  higher  oxide  of  cesium 
have  reacted  completely.  Excess  cesium  can  be  removed 
from  such  cathodes  only  by  reaction  with  the  tube  wall, 
distillation  into  the  vacuum  manifold  (or  a cold  trap) , 
or  reaction  with  some  tube  element  other  than  the  cathode. 
In  the  case  or  both  of  the  groups  (A)  and  (B),  excess 
cesium  can  only  be  present  because  a surface  coating  of 
cesium  has  collected  at  low  enough  temperature  so  that  the 
cathode  reactions  are  too  slow  to  remove  it.  In  such 
cases,  warning  the  tube  to  a relatively  low  temperature 
for  a short  period  of  time  is  sufficient  to  remove  the 
exces*.  If  the  cathode  belongs  to  group  (B)  not  much  care 
need  be  taken  in  the  baking  operation  and  temperatures  up 
to  at  least  190°C  can  be  used  for  moderate  periods  since 
cathode  equilibrium  seems  to  be  established.  Excessively 
prolonged  heating  mav,  however,  result  in  a drop  in 
sensitivity  due  to  reaction  with  the  tube  envelope. 

Examples  of  the  effect  of  baking  cathodes  of  group  (B), 
containing  excess  cesium,  for  short,  periods  are  given  in 
Section  3«M»  Examples  showing  the  results  of  baking 
cathodes  of  group  (A)  for  short  periods  at  190°C  are  given 
in  Section  3*12.  The  cathodes  of  the  present  section  also 
probably  belong  to  group  (A)  and  contain  slight "amounts  of 
surface  excess  cesium  which  distills  onto  the  cathode  on 
sealing  off  the  cesium  source.  An  example  of  a massive 
cathode  of  type  (C)  has  already  been  discussed  in  9ectlon 
3.32.  An  even  more  striking  example  is  discussed  in 
Section  J+.23.  It  may  be  very  difficult  to  remove  excess 
cesium  from  a cathode  of  type  (C)  but  it  will  usually  be 
possible  to  do  so  since  a volatile  oxide  of  cesium  is 
formed  when  the' composition  is  such  that  (Cs/0)>2  (see 
Section  h, 1).  There  is  usually  some  tube  element  which  is 
reactive  enough  to  remove  this  oxide  from  the  cathode.  It 
is  to  be  noted,  however,  that  oxygen  is  also  removed  in 
this  case.  Moreover,  the  rate  of  removal  may  well  be 
variable  and  dependent  on  the  extent  to  which  tube  elements 
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have  already  been  saturated  with  cesium.  For  cathodes 
of  tyres  {A)  and  (B ) the  amount  of  excess  cesium  is 
usually  snail  if  normal  processing  methods  have  been 
used.  In  the  case  of  cathodes  of  type  (C),  however, 
large  excesses  may  be  present  defending  on  the  amount 
of  cesium  added.  It  may  also  be  necessary  to  use 
rather  high  baking  temperatures.  Usinr  these  three 
classifications  it  is  usually  possible  to  understand 
the  results  of  a baking  operation  on  a massive  cathode 
although  the  effect  cannot  be  predicted  unless  the 
cathode  composition  and  the  manner  of  preparation  are 
known . 


Tn  the  above  discussion  great  emphasis  has  been 
placed  on  removal  of  excess  cerium  bv  baking  and  there 
can  be  no  doubt  about  the  importance  of  this  factor. 

Other  changes  do  occur,  however,  in  prolonged  baking  of 
a photocathode.  These  changes  include  the  removal  of 
oxygen  in  the  case  of  type  (C)  cathodes  and  grain  growth 
of  both  metallic  silver  and  cesium  oxides  undoubtedly 
occurs.  In  the  case  of  massive  cathodes  it  has  not 
proved  necessary  to  invoke  these  factors  to  account  for 
large  changes  in  infrared  sensitivity  on  baking.  Since, 
however,  both  metallic  silver  and  Cs;>0  seem  to  be 
involved  in  producing  infrared  sensitivity,  grain  growth 
probably  has  an  influence  even  though  we  have  not  been 
able  to  clearly  demonstrate  it.  We  believe  that  cesium 
content  is  a major  factor,  however,  because  the  obser- 
vations of  Section  3.12  show  that  cathodes  prepared  at 
190°C  can  lose  sensitivity  on  halting  cesium  flow  at 
small  (Cs/O)  ratios  and  sensitivity  is  restored  on 
resuming  cesium  addition.  Moreover,  for  cathode  PT21*C 
of  Section  3.2  infrared  sensitivity  is  partially  restored 
by  adding  cesium  after  prolonged  baking  had  destroyed  the 
infrared  response.  The  fact  that  infrared  sensitivity  is 
only  partially  restored  for  PT2i*C  can  be  accounted  fop  in 
a variety  of  ways  as  discussed  in  Section  3.25. 


3.5  Effect  of  Silver  Base  on 
Photoelectric  Emission 

Two  oases  have  been  encountered  in  which  a pronounced 
effect  of  silver  base  on  photoelectric  emission  is  observed 
In  the  first  of  these  cases  the  effect  was  unexpected  and 
arose  during  the  study  of  cathode  composition  using- a radio 
active  cesium  tracer.  The  results  are  described  in  Section 
3.51.  In  the  second  case  an  attempt  was  made  to  system- 
atically investigate  the  effect  of  varying  the  thickness  of 
silver  base  by  preparing  cathodes  on  silver  film  bases  of 


21B 


graded  thickness.  This  investigation  was  not  continued 
systematically  to  a conclusion  because  the  first  results 
indicated  that  further  studies  of  the  baking  process  and 
of  cathode  composition  were  required  before  the  results 
of  such  a study  could  be  properly  interpreted.  The 
preliminary  results  are  of  some  interest,  however,  and 
are  reported  in  Section  3.52. 


The  cathode  used  in  the  composition  study  was 
prepared  on  a base  consisting  of  a thick  evaporated  silver 
film  deposited  on  a microscope  cover  glass  substrate  Lsee 
Section  2.4).  With  this  tube  design  (Fig.  14)  it  waA|ex- 
pected  that  a typical  massive  cathode  would  be  formed. 

This  did  not  prove  to  be  entirely  correct. 


The  results  of  the  tracer  study  are  discussed  in 
Section  4.1.  The  effect  of  silver  film  thickness  seems 
important  enough,  however,  to  justify  discussion  in  a 
separate  section.  The  reasons  are  as  follows.  Much  of 
the  material  discussed  in  proceeding  sections  was  collected 
before  the  tracer  study  was  begun.  As  the  result  of  this 
work  the  hypothesis  was  formed  that  infrared  sensitivity 
depended  mainly  on  the  cesium  to  oxygen  ratio  and  equili- 
bration of  the  cathode  by  baking  so  as  to  remove  excess 
cesium*  Although  we  knew  that,  silver  plaved  a role  in 
cathode  sensitivity,  nevertheless  the  consistent  and 
apparently  understandable  results  obtained  with  massive 
mnathodes  tended  to  obscure  the  important  role  played  by 
silver.  The  difficulties  encountered  in  the  preparation 
of  semitransparent  cathodes  were  regarged  as  due,  in  all 
probability,  to  lack  of  control  in  the  cesium  addition 
step  and  to  the  fact  that  a fifty,  percent,  transmission 
silver  film  is  one  in  which  grain  contact  is  likely  to  be 
poor.  In  order  to  avoid  the  technical  difficulties 
introduced  by  this  latter  factor  the  tracer  tubes  were  pre- 
pared on  such  thick  silver  films  that  grain  contact  could 
not  be  a problem.  In  performing  the  experiments,  however, 
the  important  role  of  silver  in  the  cathode  was  forcibly 
demonstrated.  It  was  found  that  a step  performed  at  the 
very  beginning  of  the  cathode  preparation  could  so  de— 
t ermine  the  character  of  the  cathode  that',, no  intermediate 
operation  which  we  tried  could  produce  an  infrared-sensitive 
cathode  except  in  a few,  Apparently  accidental,  cases.  -The 
demonstration  is  apparently  conclusive.  In  a number  of, 
cases  both  thermionic  and  photoelectric  emission  were 
followed  out  to  (Cs/O)  ratios  as  high  as  10  , without  any 
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indication  of  high  infrared  sensitivity . The  behavior  , 
of  thermionic  and  photoelectric  emission  was  entirely 
different  from  that  described  in  Section  3.1  as  lone  . 
as  silver  films  of  10 ,000a  thickness  were  used.  Typical 
results  are  described  below  but  it  seems  worthwhile  to 
again  emphasise  hero  the  conclusive  nature  of  the  results. 
The  fact  that  an  operation  at  the  very  beginning  of  the 
^cathode  preparation  > influence  the  outcome  is  es- 
tablished beyond  reachable  doubt  since  a considerable 
yfeSgtSber  of  tubes  were  prepared  each  of  which  was  followed 
^throughout  the  intermediate  stages.  Moreover,  the 
composition  of  the  cathode  was  determined  in  several 
cases  using  radioactive  cesium  tracers  and  it  is  es- 
tablished that  the  (Cs/0)  ratio  is  not  the  determining 
factor  since  in  subsequent  experiments,  using  thick  films, 
good  infrared  sensitivity  was  obtained  at  nearly  the  same 
(Cs/0)  ratio  as  those  for  which  poor  tubes  were  obtained 
using  thinner  films.  Typical  examples  are  described  below. 

During  the  early  stages  of  the  tracer  study  the 
evaporated  silver  surface  was  formed  by  the  deposition  of 
a layer  approximately  10.000A  thick  in  15  minutes.  During 
the  fabrication  of  a series  of  tubes  using  this  surface 
very  Ir reproducible  results  were  obtained.  In  a series  of 
1/.  tubes  only  two  cathodes  were  obtained  which  could  be 
considered  as  having  good  infrared  sensitivity. 

Durinrr  the  fabrication  of  these  poor  cathodes  the 
thermionic  and  photoelectric  emission  did  not  follow  the 
normal  behavior  for  massive  cathodes. 

The  behavior  of  the  poor  cathodes  prepared  on  10.000A 
silver  bases  is  illustrated  by  the  behavior  of  PT659-42. 
During  the  glow  discharge  oxidation  13.2x10*7  gramatoms  of 
oxygen  were  deposited  to  give  a uniform  second  order  yellow- 
green  oxide  film.  The  tube  current  data  for  this  cathode 
are  shown  in  Fig.  67  and  the  photoelectric  emission  during 
cesium  addition  in  Fig.  68.  During  the  cesium  addition  to 
this  tube  there  was  actually  no  appreciable  thermionic  e- 
raission.  The  very  small  pbserved  current  (Fig.  67)  is 
typical  of  an  ohmic  conduction  current  flowing  between 
the  electrodes.  The  cathode  developed  a large  F]_  response 
without  appreciable  F?  as  shown  in  Fig.  68.  On  cooling  the 
cesium  source  the  conduction  current  decreased  rapidly  but 
the  F-l  response  did  not  chanee  appreciably.  Finally, 
corresponding  to  . a rapid  growth -in.  the  conduction  current 
at  approximately  160  minutes  there  was  a decrease  in  the 
response.  Cooling  the  cesium  source  at  176  minutes  resulted 
in  a decrease  in  tne  conduction  current  and  an  increase  in 
the  F^  photoemission.  In  addition  a small  infrared  response 
appeared  which  disappeared  on  cooling  the  tube  as  shown  by 
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FIG.  67.  THERMIONIC  EMISSION 

DURING  CESIUM  ADDITION 
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cesium  source 


llaTTrant  10  5 range  J 

-$3 

1 

1 

0.2 


Response  after  cooling 

tube 

ramflO^ran  ge ) 


TW 

47 

0 

0 

0 


These  data  suggest  a long  wavelength  limit  in  the  neighbor- 
hood of  900  before  cooling  the  tube,  a long  wavelength 
limit  near  600  raft.  after  cooling  the  tube.  The  spectral 
response  for  PT659-4?  after  sealing  off  the  cesium  source 
is  °hown  in  Fig.  69.  It  is  to  be  noted  that  the  photo- 
sensitivity of  the  final  cathode  is  very  low.  In  general, 
the  spectral  response  curves  for  the  finished  cathodes 
preoared  on  10,00OA  silver  films  were  quite  variable.  In 
several  instances  appreciable  excess  cesium  was  introduced 
and  on  baking  the  cathode  at  130°C  surfaces  were  obtained 
‘which  had  maxima  at  600  - 700  nya.  with  long  wavelength  limits 
from  #00  to  1000  During  cesium  addition,  the  absence 

of  thermionic  emission  assured  that  the  final  cathode  would 
not.  have  appreciable  infrared  sensitivity.  It  must  be 
emphasized  that,  excess  cesium  was  not  responsible  for  low  • 
infrared  sensitivity.  The  tubes,  like  PT659-42,  did  not 
develoo  infrared  response  at  any  intermediate  stage  and 
extended  baking  did  not  lead  to  infrared  sensitivity  for 
the  final  photocathode. 


After  considerable  experimentation,  in  which  possible 
sources  of  the  difficulties  were  eliminated,  the  conclusion 
was  reached  that  the  troubles  must  rise  from  characteristics 
of  the  silver  film  and  its  oxidation.  Consequently  several 
cathodes  ware  prepared  in  which  the  silver  film  thickness 
was  increased  several  fold.  During  the  fabrication  of  these 
cathodes  the  normal  massive  cathode  behavior  was  observed, 
i.e,  thermionic  emission  increased  on  cooling  the  cesium 
source  and  infrared  emission  increased  on  cooling  the  tube. 
Tyoicnl  of  the  spectral  responses  of  these  tubes  are  the 
following: 


Tube 

PT1533T122 
PT1 568-130 


Max 


920 


Long  X limit 
1350 
1250 


b Max.  PE X 

logo 

1020 


Subsequent  tubas  prepared  using  the  thicker  silver  films 
(20,000  to  40,000A)  consistently  exhibited  a normal 
behavior  during  fabrication. 
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~~s'  Ab  discussed  in  Part  I of  this  Final  Reoort  Series 
~ the  structure  of  evaporated  silver  films  depends  very 
markedly-  on  the  evaporation  rate  as  trail  as  heat  - 
treatment  conditions.  As  the  rate  of  evaporation  is 
decreased  the  grain  size  of  silver  increases  in  a manner 
similar  to  that  occurring  during  heat  treatment;  Consel 
guently  a cathode*  PT15Sg-137,  was  prepared  in  which  a 
6000A  silver  film  waa  formed  by  a 10  hour  evaporation 

compared  to  the  J.5  minute  _.1Q*0QQA.  film  used  in  the -poor  - 

tubes*  During  the  processing  of  this  tube  the  emissive 
properties  behaved  in  a normal  manner.  The  spectral 
response  of  this  cathode  is  particularly  interesting 
since  the  final  surface  was  quite  transparent.  As  'shown 
in  Fig.  70  the  cathode  after  fabrication  and  bake  ex- 
hibited on  front  illumination'  a spectral  response  tynical 
of  good  massive  cathode  tubes.  On  back  illumination, 
however,  the  spectral  response  curve  exhibits  two  peaks, 
one  at  approximately  750  and  a second  'near  920  ny*.  In 
addition  there  is  a markedreduetion  in  infrared  response. 
Considering  the  thickness  of  the  initial  silver  layer 
(about  sixty  times  greater  than  for  normal  semitransparent 
cathode)  it  is,  however,  surprising  that  a more  marked 
difference  in  response  did  not  occur.  The  back  illumi- 
nation responses  are  similar  to  those  for  frontal  il- 
lumination of  PT2AC  during  the  initial  development  of 
photoemission  and  during  the  final  stages  of  decay  by 
extended  baking  of  the  good  infrared-dlcsitive  photosurface, 
(see  Section  3.2) . 

These  results  were  briefly  discussed  in  Part  I of 
this  Final  Report  Series.  As  was  pointed  out  there  the 
silver  film  thickness,  10,000A  greatly  exceeds  the 
critical  thickness  rt  which  silver  grain  merging  takes 
place.  We  can  make  only  one  addition  to  the  discussion 
of  Part  I.  We  have  already  referred,  in  Section  1.6,  to 
the  work  of  Kluge  on  photo cathodes  prepared  on  specular 
silver  bases  (thick  evaporated  silver  films).  In  later 
work  Kluge^k  discovered  that  on  replacing  a specular  re- 
flecting silver  base  by  a roughened  silver  base  the 
integral  sensitivity  is  increased  and,  moreover,  the  long 
wave  maximum  in  spectral  yield  shifts  toward  the  infrared 
bv  more  than  100  ny*.  We  susoect  that  this  result  of  Kluge 
is  related  to  our  observations  outlined  above.  In  the 
normal  preparation  of  massive  cathodes  (see  Section  2.31) 
the  silver  base  is  roughened  by  means  of  a nitric  acid 
etch  before  oxidation.  In  the  preparation  of  cathodes 
for  the  tracer  experiments  the  nitric  acid  etch  was  not 
used  since  we  did  not  wish  to  complicate  the  composition 
determination  by  the  addition  of  a new  variable.  Instead 
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FIG.  70.  SPECTRAL  RESPONSE  PT1588-137 


t 


of  a nitric  acid  etch  the  repeated  Oxidation  and  thermal 
decomposition  cycle  served  to  roughen  the  surface*  With 
10,n00A  silver  films  this  was  not,  however,  sufficient 
to  insure  obtaining  a highly  infrared-sensitive  cathode 
although  with  thicker  films  infrared-sensitive  cathodes 
could  readily  be  made.  The  precise  connection  with 
Kluge's  work  is  not  clear  but  it  seems  possible  that  the 
two  phenomena  are  related.  Kluge’s  hypothesis  that 
roughening  increases  infrared  sansitivit.v  because  a 
higher  surface  area  creates  more-active . centers  for  cesium  ~ 
adsorotion  (de  Boer’s  theory)  seems  to  us  to  be  too  simple. 
On  reconsidering  the  Problem  since  Part  I was  written  one 
additional  fact  has  become  evident,  have  had  far 
better  success  with  the  preparation  of  photocathodes  which 
do  not  rest  on  a glass  substrate.  It  seems  cmite  possible 
that  some  chemical  reaction  with  glass,  or  some  impuritv 
occluded  in  glass,  could  account  ror  these  troubles.  It 
would  be  worthwhile  to  alter  the  nature  of  the  substrate 
at  first  perhaps  by  rigorous  chemical  cleaning  methods 
followed  bv  extended  out  gassing.  It  would  also  be  worth- 
while to  oretreat  the  envelope  with  cesium  before 
evaporating  a silver  film  so  as  to  saturate  the  glass  with 
cesium.  This  suggestion  is  along  the  sane  line  as  those 
made  in  Part  I although  somewhat  more  specific.  Until  . 
these  possibilities  have  been  explored  nothing  definite  can 
be  said  as  to  the  reasons  for  the  observations.  Therra  is, 
however,  evorv  reason  to  believe  that  C82O  is  formed  in 
all  of  the  photocathodes  whether  they  are  highly  infrared- 
sensitive  or  not  and  hence  the  presence  of  Cs20  is  not  in 
itself  sufficient  to  insure  high  infrared  sensitivity. 


3.52  Evaporated  silver 
wedge  cathodes 

The  procedures  used  in  the  fabrication  of  the 
two  wedge  cathode  tubes  have  been  described  in  Section 
2.32.  The  results  obtained  with  the-e  cathodes  are 
described  below. 

During  the  fabrication  of  PT31  and  PT32  the  cesium 
addition  was  not  sufficiently  well  controlled  and  conse- 

?uently  excess  cesium  was  introduced  into  the  tubes, 
he  tubes  were  provided  vrit.h  a drv  ice-acetone  trap  which 
was  maintained  cold  during  the  baking  operations  and 
soectral  response  measurements.  At  the  time  those  tubes  * 
were  prepared  the  effect  of  excess  cesium  on  the  photo- 
emission characteristics  had  not  been  worked  out.  The 
spectral  responses  were  measured  using  the  following 
conditions:  lamp  - 5.0  volts,  slit  0.2  mm,  collector 
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voltage  -'6,5  volts  and  low  electrometer  sensitivity. 

The  spectral  response  maxima  wavelengths  and  long 
wavelength  limits  are  shown  in  Table  XT1T.“  In  this 
table,  and  in  the  subsequent  figures,  the  position  in 
centimeters  gives  + he  point  at  which  the  measurement 
was  made.  These_are  distances  measured  parallel  to 
the  film  surface,  The  film  thickness  is  highest  when 
the  position  in  centimeters  is  highest,  the  original- 
silver  film  has  a transmission  of  5056  at  a position  of 
2 cm.  - 

The  soeetral  distributions  for  these  cathodes  were 
defined  by  the  distance  in  centimeters  from  the  open 
end  of  the  gold  contact  surface.  The  snectral  data  for 
PT31W  after  tip  off  and  the  first  bake  (160°C)  are  shown 
in  Figs.  71  and  ?2.  For  PT31W  the  maximum  sensitivitv 
aftei'  tip  off  occurred  at  2.0  cm.  the  region  corresponding 
initially  to  50%  transmission.  After  baking  at  160°C  for 
1 hour  the  maximum  sensitivity  moved  to  2,5  cm  and  there 
was  an  overall  decrease  in  ohotoeroissiori  ae  shown.  In 
Table  XIII  it  is  interesting  to  note  that  during  the 
processing  operations  there  was  no  marked  difference  in 
response  of  the  cathode  as  a function  of  position.  Further- 
more it  may  be  noted  that  under  the  fabrication  conditions 
used  it  would  be  difficult  to  remove  excess  cesium  from  a 
phase  having  a relatively  low  cesium  vapor  pressure. 

Actually  extensive  baking  of  this  type  of  surface  produces 
a continuous  decline  in  the  photoresponse  over  all  wave- 
lengths. The  precise  reason  for  this  is  not  known.  It 
would  not,  however,  be  surprising  if  the  effects  were  re- 
lated to  reaction  of  the  cesium  oxide  with  the  glass  surface. 

The  snectral  data  for  PT32W  after  tip  off,  the  first 
two  bakes,  the  silver  evaporation,  and  the  following  two 
bakes  are  shown  in  Figs.  73  through  73. 

Several  observations  mad©  during  the  fabrication  of 
this  cathode  are  of  interest.  As  shown  in  Fig,  73  the 
surface  after  fabrication  had  a maximum  sensitivity  at 
2.0  cm  the  maximum  emission  wavelength  being  700  n^wand  the 
long  wavelength  limit  1100  nyut  On  baking  the  cat'  ode  the 
differences  in  sensitivity  at  2 - 3.5  cm  and  at  wavelengths 
longer  than  300  misbecame  less  marked  (see  Fig,  74).  After 
a second  bake  at  x25°C  the  surface  exhibited  the  variety 
of  responses  shown  in  Fig.  75,  For  the  3»5  and  5.0  cm 
positions  there  was  an  apnreciable  increase  in  the  infrared 
response  while  the  2.0  and  2,5  cm  positions  lost  sensitivi- 
ty. At  this  stage  the  spectral  responses  are  somewhat 
similar  to  those  obtained  by  Morozov  and  Butslov^, 
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TraD  at  room  temperature  1 6 hours  before  response  measurement. 


After  this  second  bake,  silver  was  evaporated  onto  the 
surface  to  give  maximum  photoemission.  As  shown  la  Fir, 

?6  this  produced  a decrease  in  the  long  wavelength  limit 
but  an  increase  in  the  sensitivity  in  the  600  nyt  region. 

In  this  figure  it  will  be  noted  that  the  response  does 
not  vary  in  a systematic  manner  with  original  silver 
thickness.  After  baking  for  25  minutes  at  125°C  with-  the 
trap  cold  the  set  of  response  curves  shown  in  Fig.  77 
were  obtained.  This. increase  in  photo emission  and  the  ^ 
ordering  of  the  response  curves  is  indeed  amazing.  Q 
Subsequently  the  tube  was  baked  for  200  minutes  at  152°C. 
However,  the  spectral  responses  were  not  measured  until 
16  hours  later.  During  this  period  of  time,  for  the  tube 
design  used,  the  surface  would  become  equilibrated  with 
excess  cesium.  As  shown  in  Fig.  the  final  responses 
for  the  region  1.5  -3*5  cm  were  similar.  This  last  set 
of  data  have  no  real  meaning  due  to  excess  cesium  on  the 
cathode  a fact  which  was  not  recognized  when  the  measure- 
ments were  toads. 

In  considering  the  data  reported  above  it  is  to  be 
emphasized  that  the  response  curves  are  not  characteristic 
of  pure  cesium.  When  cesium  is  .introduced  into  the  tube, 
to  produce  a surface  which  has  a definite  excess  of  cesium, 
the  maximum  response  occurs  at  approximately  550  m/*- and 
the  long  wavelength  limit  of  675  nf*.  These  cathodes  are 
further  characterized  by  the  presence  of  appreciable 
leakage  current  between  the  electrodes.  For  the  fabrication 
conductions  used  in  the  preparation  of  these  cathbdea  it 
would  be  reasonable  to  presuppose  that  CsjO  and  possibly 
some  C87O2  were  present  in  the  photosurface.  Experiments 
described  in  the  following  section  in  connection  with  the 
x-ray  study  of  photosurface  composition  indicate  that  a 
surface  containing  Cs^O  will  exhibit  a maximum  near  650  nyv 
and  a long  wavelength  limit  of  the  order  of  850  nyt*. 

The  data  on  the  effect  of  the  silver  evaporation 
illustrate  the  marked  effects  which  may  be  produced  by 
further  silver  addition  to  a semitransparent  photosurface. 
Such  phenomena,  as  discussed  in  Section  1,  have  been 
extensively  studied  by  Asao^^. 

These  exoeriments  indicated,  more  than  anything  else, 
the  importance  of  further  study  of  the  baking  process  and 
especially  the  importance  of  controlling  the  quantity  of 
cesium  added  to  the  cathode.  The  experiments  were  performed 
before  the  study  outlined  in  Section  3*1  had  been  made,  so 
we  were  not  by  any  means  certain,  at  the  time,  that  ex- 
tended baking  would  remove  excess  cesium  from  the  surface. 
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Attention  was  therefore  turned  again  to  the  study  of 
- ...  the  baking  operation  and  to  the  study  of  emission  during 
cesium  addition.  Further -work  on  silver  film  thickness 
wa«  done  only  much  later  in  the  cesium  tracer  study  with 
the  results  outlined  in  the  previous  section.  By  the 
v.  - time  this '-work  had  indicated  the  decisive  importance  of 
, l , silver  base  it  was  too  late  to  resume  the  investigation. 

In  conclusion,  there  is  one  further  comment  to  be 
™made  on  the  validity  of  _the  idea  that  we‘ dan  reduce  the 
effect  of  uncontrolled  process  variables  by  using  films 
of  graded  thickness,  thus  permitting  the  study  of  the 
effect  of  thickness  by.  making  measurements  at  different 
positions  on  the  same  cathode.  This  idea  contains  the 
implication  that  similar  trends  will  be  found  even  though 
integral  and  infrared  sensitivities  may  vary  from  tube  to 
tube.  Inspection  of  Figs.  75,  76,  and  77  shows  at  once 
that  this  view  is  fallacious,  it  is  also  evident  that  the 
character  of  a photocathods  can  be  completely  altered  by 
changing  a Processing  step.  In  Section  1 it  was  pointed 
out  on  several  occasions  that  description  of  the  method  of 
cathode  preparation  is  essential  in  order  to  properly 
evaluate  the  generality  of  any  specific  investigation  of 
cathode  properties.  This  could  hardly  be  better  illustrated 
than  by  the  results  of  Figs.  75,  76,  and  77.  It  is  also 
evident  from  these  figures  that  the  effect  of  a baking 
operation  performed  on  a semitransparent  cathode  can  hardly 
be  due  merely  to  the  removal  of  excess  cesium  from  a Dhoto- 
cathode  although  this  factor  is  no  doubt  important.  The 
diffusion  and  grain  growth  of  silver  are  undoubtedly 
important  In  this  case.  This  is  in  contrast  to  the  case  of 
massive  cathodes  prepared  on  a silver  sheet  base. 

From  the  results  of  this  and  the  previous  section  it 
is  clear  that  much  remains  to  be  done  in  studying  the  effect 
of  silver  base  on  the  photocathode.  This  is,  in  our  opinion, 
the  most  promising  direction  for  future  investigation. 


3.6  Photocathode  Stability 

In  the^Iitgrature  relating  to  the  Ag-O-Cs  cathode 
references*8*  **»  appear  relating  to  "fatigue”  and 
"sltunpage”  of  the  photosurface.  The  former  term  is  applied 
to  change  in  photo  response  of  the  cathode  on  illumination 
with  or  without  applied  voltage.  The  latter  term  Is 
generally  apolied  to  changes  occurring  in  the  rurface  as  a 
function  of  time.  Though  neither  phenomenon  has  been 
investigated  in  detail  by  us,  some  scattered  data  relating 
to  these  phenomena  have  been  obtained  coincident  with  other 
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Nothing  of-  genera, i interest  relating  to  fatigue  has 
been  obtained  in  our  work^  The  light  intensities  used  — 
were  apparently  not  high  enough  to  induce  any  noticeable 
fatigue  in  the  majority  of  our  cathodes.  In  one  case  a 
noticeable  fatigue  was  obtained  with  a massive  cathode 
and  the  phenomenon  was  studied  brie  fly  .'“On  rbbaking  the 
tube,  however,  the  effect  disappeared  so  the.  xesults  have “ 
no  general  interest  and  will  be  omitted.  Reference  must, 
be  made  tc  the  above  work  f 05 Jan  account  of  this  phenomenon. 

The  only  case  of  "slumpage"  enco'mtered  was  with  a 
tube,  PT3,  prepared  during  the  early  stages  of  the  investi- 
gation. Obviously  no  conclusions  of  practical  value  can  be 
reached  on  the  basis  of  the  behavior  of  one  tube.  Th$ 
behavior  of  the  tube  is  nevertheless  of  some  interest,  so 
the  facts  will  be  described.  The  results  described  in 
previous  sections  show  clearly  that  a possible  cause  of 
"fllumoaga"  is  the  distillation  of  cesium  onto  the  ohoto- 
cathode  at  room  temperature.  This  factor  is  also  discussed 
in  connection  with  the  description  of  PT3.  Photocathode 
PT3  was  a good  infrared-sensitive  semitransparent  cathode 
which  was  prepared  during  the  early  stages  of  the  project. 
After  the  "stabilizing"  bake  at  130°C  (Aug  15,  1950)  the 
photosurface  was  characterized  by  a selective  maximum  at 
920  nya*  and  a long  wavelength  limit  of  1150  ny*w  The  spectral 
response  determined  44  days  later  (Sept  28,  1950)  had  a 
maximum  at  940  nu*.and  a long  wavelength  limit  of  1300  nyn 
When  -the  spectral  response  was  remeasured  on  Nov  19,  1951 
it  was  found  that  the  tube  had  '’slumped”.  However,  the 
spectral  distribution  maximum  was  at  920  nywrwith  the  long 
wavelength  limit  at  1275  - 1300  ny»w  The  tube  was  then 
baked  at  130°C  for  30  minutes  ana  the  infrared  response  was 
recovered,  the  maximum  being  at  925  nyRrand  the  lone  wavelength 
limit-  at  1350  ny*4  The  spectral  responses  before  and  after 
bake  are  shown  in  Fig.  79.'  £n  Fig.  80  the  ratio  of  the 
slumped  photocurrent  to  the  stabilized  tube  emission  is 
olotted  as  a function  of  wavelength.  The  data  in  this 
latter  figure  indicate  that  beyond  800  nu»#the  two  responses 


differ  primarily  by  a constant  factor,  the  slumped  tube 
current  being  ll£  of  the  "stabilized"  emission.  This 
behavior  agrees  well  with  the  assumption  that  a layer,  excess 
cesium  on  the  cathode  is  the  reason  for  the  change  in 
sensitivity  on  standing.  On  baking  the  cathode  this  layer 
is  removed. 

In  the  case  of  the  massive  cathode  tubes  which  have 
been  prepared,  only  minor  changes  in  response  with  time  are 
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observed  provided  equilibrium  has  teen  93ta>>lished.  For 
( example,  the  massive  cathode  PT16  which  was  fabricated  $ 

on  November  17,  1950,  had  a good  infrared  sensitivity 
characterized  by  an  emission  peak  at  930  rry^and  a long 
wavelength  limit  of  16?0  mih  The  spectral  response  was 
remeasured  on  November  19,  1951  and.  it  was  found  that 
the  maximum  had  shifted  to  960  nyv  with  the  longX  limit 
at  1750  vy*  (0.703  ev.)  . After  a half  hour  bake  the  peak 
shifted  to  975  but  the  long  wavelength  limit  remained 

at  1750  rofM  The  changes  in  the  photocurrent  as  a function 
of  w?w  ’ Sgth  actually  were  very  small  [<\%) . - 


3.7  Summary 

From  the  experimental  results  thus  far  described  it 
is  evident  that  the  compound  CsgO  is,  in  some  manner, 
essential  to  the  development  of  infrared  sensitivity  in 
the  silver-oxygen-cesium  photocathode.  This  substance  does 
not  constitute,  however,  the  only  essential  ingredient. 

This  is  indicated  by  the  work  of  Section  3.51  in  which  a 
pronounced  effect  of  silver  base  is  demonstrated.  The 
cathodes  having  low  infrared  sensitivity  which  were  pre- 
pared on  10,000A  silver  bases  (see  Section  3.51)  are  ex- 

fected  to  contRin  Cs^O  and  yet  the  infrared  sensitivity  was 
ow.  Either  CS2O  did  not,  for  some  reason,  form  at  all  or, 
more  likely,  something  in  addition  to  Cs20  is  required  for 
infrared  sensitivity.  The  results  of  Sections  1.4,  1.5, 

1.6  suggest  that  silver,  finely  dispersed  through  the  CS2O, 
rnav  be  an  essential  ingredient.  Whether  this  silver  is 
dissolved  in  Ca20.  forming  a solid  solution,  or  whether  it 
constitutes  a colloidal  dispersion,  or  both,  is  not  known. 

It  seems,  however,  to  be  essential.  According  to  the  theory 
of  de  Boer22  the  function  of  silver  is  to  make  the  CB2O 
layer  conducting,  while  according  to  Sayama  silver  acts  as 
the  source  of  photoelectrons.  We  prefer  to  delay  cc.iment  on 
this  matter  until  Section  5*  In  some  manner,  however,  t.he 
distribution  of  silver  certainly  affects  infrared  sensitivi- 
ty. 

It  is  also  found  that  infrared  sensitivity  is  greatly 
affected  by  small  amounts  of  cesium.  This  effect  is  notice- 
able even  at  high  temperatures  as  for  example  in  Section  3.12 
where  t.he  effect  of  interrupting  cesium  flow  is  discussed. 

If,  however,  a.  small  amount  of  cesium  is  added  at  high 
temperature,  e.g.  190°C , and  the  cesium  addition  is  stopped 
then  the  surface  quickly  recovers  because  eauilibrium  is  re- 

established  and  the  excess  cesium  is  used  up  by  combination 

with  a higher  cesium  oxide  to  form  Cs20.  At  room  temperature, 
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hcw«ter,  where  the  reaction  rates  are, 1cm  the  addition  of 
a very  sroall  amoimt  of  cesium  to  an .. infrared -sensitive 
photocathode  very  markedly  reduces  the  infrared  sensitivi- 
ty. This  effect  persists  until  tyS  catnode  is  heated  to 
re-es£ablish  equilibrium.  Thus  a very  small  amount  of 
"adsorbed”  cesium  has  a pronounced  effort  on  infrared 
sensitivity.  As  explained  earlier,  there  is  no  assurance 
that  this  "excess"  is  a stoichiometric  excess  beyond  the 
composition  Cs^O.  For  it  has  not  been  established  that 
the  compound  formed__in  -the  cathode  has  a composition  which 
corresponds  exactly  to  UspQ . although  the  results  of  Section 
h show  that  it  probably  does  not  depart  far  from  that 
composition.  In  any  case  a slight  change  in  cesium  content, 
affects  infrared  sensitivity  and  hence  a cesium  impurity,  as 
well  as  silver,  must  also  be  considered  as  a factor. 

Considerable  evidence  has  been  obtained  that,  two  types 
of  emitting  centers  are  contributing  to  "normal",  i.e,  high- 
ly infrared-sensitive,  massive  cathodes.  This  is  suggested 
by  t.he  fact  that  spectral  re3t>onse  curves  which  have  maxima 
at  900  nyu?  or  higher  also  have  inflections  (and  sometimes 
maxima)  at  750  ny*.  It  seems  possible  that  the  emitting 
centers  which  produce  the  response  with  a maximum  at  750  rw a. 
are  involved  in  the  nhotocathodes  listed  in  Table  IV  of 
Section  1.9.  It.  is  notable  that  almost  all  of  the  cathodes 
which  are  specular  reflectors  have  spectral  responses  at 
750  mpror  at  shorter  wavelengths.  The  highly  infrared- 
sensitive  cathodes  with  maxima  at  900  myu/or  above  are  in- 
variably non-specular.  This  is  clearly  demonstrated  by  the 
work  of  Kluge^o.  This  stronglv  BUgo-ests  that  the  work  on 
optical  oroperties  of  cathodes  which  are  specular  reflectors 
(see  Section  1)  serves  to  characterise  only  one  type  of 
emitting  center,  namely  that  which  gives  rise  to  a spectral 
response  near  750  By*.  The  other  tyoe  of  emitting  center 
being  produced  only  in  non-suecular  reflectors  has  not  been 
studied  by  such  methods.  Further  discussion  is  postponed 
until  the  cathode  composition  has  be=>n  discussed. 
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4.  PJiflTOSURFACE  COMPOSITION 

From  the  discussion  given  in  Section  3 it  is  evident 
that  determination  of  the  total  cesium  entering  a photo- 
cell does  not  constitute  a satisfactory?  method  of  de- 
termining the  amount  on.  the  cathode.  This  is  demonstrated 
by  the  fact  that  the  (Cs/O)  ratio  (for  the  photocell)  at 
which  maximum  thermionic  emission  is  obtained  depends  on 
the  geometrical  arrangement  of  the  photocell  elements.  In 
order,  therefore,  to  obtain  a more  direct  measure  of  cesium  •• 
on  the  cathode  itself  a radioactive  cesium  tracer  has  been 
used  as  described  in  Section  4.1  below. 

The  determination  of  the  amounts  of  cesium  aife  oxygen 
on  the  cathode  does  not,  In  itself,  determine  what*  molecular 
soecies  are  present  unless  the  cathode  is  at  equilibrium. 
Although,  as  pointed  out  in  Section  3.1,  photocathodes  can 
be  preo&red  which  seem  to  closely  approximate  to  a condition 
of  chemical  equilibrium  and  which  are  highly  infrared- 
sensitive  it  is  not  by  any  means  established  that  the 
cathodes  prepared  by  the  normal  routine  methods,  similar  to 
those  used  in  commercial  practice,  are  in  chemical  equillbri- 
um.  In  fact  the  results  of  Section  3.12  suggest  that 
equilibrium  is  not  established  in  such  tubes.  It  is  of  some 
interest,  therefore,  to  have  some  means  by  which  the  compounds 
present  in  a photocathode  can  be  directly  identified.  This 
was  done  by  means  of  x-ray  diffraction  as  described  in 
Section  4.2  below.  Unfortunately,  constituents  present  in 
small  proportion  are  hard  to  detect  by  x-ray  diffraction  and 
hence  it  has  not  proved  possible  to  identify  every  phase. 

The  dominant  phases  are,  however,  established. 

Section  4.3  below  contains  a classification  of  the  types 
of  spectral  responses  encountered  in  photocathode  preparation 
and  a discussion  of  their  relation  to  the  chemical  composition 
of  the  cathode. 


4.1  Photosurface  Composition 

The  determination  of  the  photosurface  composition  by 
the  use  of  radioactive  cesium  was  complicated  in  a number  of 
ways.  To  obtain  definite  results  considerable  preliminary 
work  had  to  be  done.  ^ Though  the  experimental  techniques 
have  been  discussed  in  Section  2 it  is  desirable  first  to 
briefly  review  the  problems  encountered  in  order  to  clearly 
indicate  the  experimental  basis  for  the  photosurface  compo- 
sition determination. 


247 


U. 11  General  problems 

One  of  the  first  problems  encountered  was  the 
development  of  a suitable  tube  design.  The  cathode 
surface  area  had  to  be  accurately  defined  so  that  reliable 
measurements  of  the  concentration  could  be  per- 

formed. Since  the  pressure  change  during  glow  discharge 
oxidation  was  used  to  calculate  the  photosurface  (Cg/O) 
mole  ratio  it  was  also  necessary  to  utilise  materials  -of 
construction  which  did  not  oxidize  to  an  appreciable  ex- 
tent under,  the  glow  discharge  conditions  used.  After  con- 
siderable work  the  tube  design  discussed  in  Section  2.1 
(see  Fig.  11)  was  evolved.  The  cathode  in  this  tube  con- 
sists of  a thick  silver  film  (area  2.86  cm^)  evaporated 
onto  a microscope  cover  glass.  The  cathode  cover  glass 
was  backed  with  a second  cover  glass  to  prevent  the 
deposition  of  radioactive  cesium  on  the  back  surface  of 
the  photocathode . Since,  under  the  experiment  conditions 
used,  tantalum  was  not  appreciably  oxidized  by  the  glow 
discharge,  this  substance  was  used  to  fabricate  the  metal 
components  of  the  tubs. 

After  the  development  0f  a suitable  tube  design  it 
was  necessary  to  develop  fabrication  techniques  which 
would  reduce  possible  sputtering  of  silver  during  the  g low 
discharge  oxidation  of  the  cathode . This  problem  was 
solved  finally  by  constructing  an  auxiliary  vacuum  system 
in  which  the  surface  could  be  repeatedly  oxidized  and  de- 
composed to  obtain  a surface  with  satisfactory  oxidation 
characteristics  before  the  cathode  was  mounted  in  a tube 
envelope  on  another  vacuum  system. 

To  establish  the  reliability  of  the  oxygen  pressure 
change  for  the  computation  of  the  (Cs/O)  mole  ratio  the 
thermal  decomposition  of  the  silver  oxide  produced  in  a 
glow  discharge  had  to  be  investigated.  It  was  found  that 
on  heating  the  oxidized  cathode  tube  to  190°C  there  was 
an  initial  rapid  evolution  of  a small  amount,  cf  oxygen 
followed  by  a very  slow  decomposition  of  the  oxide.  The 
initial  gas  evolution  was  interpreted  as  originating  from 
the  adsorption  of  a small  amount  of  oxygen  on  the  tube 
walls  during  oxidation.  The  slow  rate  of  oxide  decompo- 
sition was  considered  negligible  for  two  reasons.  First, 
the  amount  of  oxygen  evolved  during  the  time  required  to 
prenare  a cathode  would  be  small  compared  to  the  amount 
deposited.  Second,  under  the  experimental  fabrication 
conditions  the  cesium  addition  is  started  during  the  period 
of  heating  the  cathode  to'  190°C,  After  the  addition  of  a 
small  quantity  of  ces’ium  it  seems  likely  that  a protective 
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film  of  cesium  is  foi'med  which  reduces  the  rate  of  de- 
composition of  silver  oxide.  On  the  basis  of  the  data 
on  oxide  decomposition  at  190°C  (see  Part  I of  this 
Pinal  Report  Series)  it  was  concluded  that  at  150OC 
the  rate  vrould  be  vanishingly  small. 

The  determination  of  the  ce3iura  content  of  the 
final  photocathode  was  performed  by  com raring  the  radio- 
activity of  the  cathode  di3c.to  that  of  standard  discs 
containing  a known  amount  of  the  cesium  tracer  mixture 
used  ~to  prepare  the  pellets « To  develop  the  technique 
for  preoaring  and  measuring  the  activity  of  the  discs 
considerable  experimentation  was  recuired . The  final 
procedure  used  is  described  in  Section  2.1, 

The  errors  involved  in  the  determination  of  the 
cathode  composition  are  discussed  at  the  end  of  Section 
2.1.  The  maximum  error  in  the  calculated  cathode  (Cs/O) 
mole  ratio  is  considered  to  be  1596  assuming  that  no 
oxygen  is  lost  from  the  cathode  during  tube  fabrication. 
As  stated  in  Section  2.1  the  probable  error  is  estimated 
as  about  one  third  of  this  value. 


1.12  Tube  fabrication  at  190°C 


The  cesium-oxygen  phase  diagram  indicates  that 
at  190°C  the  equilibrium  phases  which  may  form  are  as 


traversing  the  phase  diagram  from  the  oxygen  rich  side 
the  CS2O2  phase  is  not  readily  formed.  Assuming  this  is 
correct  then  it  would  be  predicted  that  the  cathode  (C3/O) 
mole  ratio  would  lie  in  the  range  G.66<(Cs/0)<2.00  if 
phase  equilibrium  is  established  and  if  Cs?0  is  the  electron 
amitting  species.  Furthermore,  for  the  more  sensitive 
surfaces  it  would  be  anticipated  that  the  ratio  would  ap- 
proach 2.0  as  a limit.  In  the  studv  of  the  development  of 
photoelectric  and  thermionic  emission  at  190°C  it  was  found 
that  the  (Cs/O)  mole  ratio  was  of  the  order  of  1.6  - l.tf 
the  more  sensitive  infrared  cathodes. 


fo 


As  discussed  in  Section  3.51  the  thick  evaporated 
silver  cathode  exhibited,  during  the  early  stages  of  the 
investigation,  a very  erratic  behavior  during  the  cesium 
addition.  Much  experimental  work  at  numerous  compositions 
and  under  a variety  of  conditions  was  necessary  in  order  to 
locate  the  source  of  trouble.  In  view  of  the  variety  of 
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conditions  used  and~the  rather  surprising  results  final- 
ly obtained -it  seems  desirable, to  describe  the  results 'as 
they  actually  developed  rather  than  to  lump  together  the 
data  on  all  photocathodes.  This  procedure  is  followed 
below,  a description  of  processing  conditions  and  results 
being  given  for  each  photocathodc  and  the  reasons,  which 
prevailed  at  the  time  of  the  experimentation,  being  given 
in  eacv  case . 

Before  proceeding  to  the  discussion  of  results  it  is 
worthwhile  to  recall  that  if  the  cesium  addition  is  con- 
tinued for  a sufficient  time  beyond  the  maximum  thermionic 
emission  there  is  first  a large  drop  in  the  tube  current, 
almost  to  aero,  followed  ultimately  by  a marked  increase. 
This  increased  current,  however,  varies  with  voltage  in 
accordance  with  Ohm’s  law  and  is,  therefore,  attributed  to 
conduction  by  a surface  film  on  the  phototube  envelope 
(see  Section  3.1)  • An  additional  observation  'which  throws 
some  light  on  the  nature  of  this  film  was  mads  during  this 
composition  study  and  is  also  discussed  below.  The 
fabrication  data  for  the  190°C  tubes  are  summarised  in 
Table  XIV.  The  table  headings  are,  for  the  most  part,  self 
explanatory.  In  the  remaining  cases  the  headings  will 
become  clear  from  the  subsequent  text. 

Five  non-radioactive  tubas  were  initially  prepared  to 
develop  tha  fabrication  technique.  In  the  preparation  of 
PT15&3-92  no  cesium  flow  data  were  obtained  since  no 
restricting  capillary  was  used.  Consequently  excess  cesium 
was  introduced.  The  first  four  tubes  were  fabricated  on  , 
the  vacuum  system  while  the  fifth  was  orepared  usine-  the 
oven  system  technique  described  in  Section  2.12,  Conse- 
quently, reliable  cesium  flow  data  were  not  obtained  during 
the  fabrication  or  the  first  four  rubes. 

During  the  fabrication  of  PT15SB-93  (Tube  No.  2)  therm' 
ionic  emission  developed  during  cesium  addition,  increased 
rapidly  to  a maximum,  and  then  decreased.  The  spectral 
response  after  tip  off  was  characterized  bv  a_maxiraum  at 
690  and  a long  wavelength  limit,  at  <v9&0  ww.  Baking  the 
cathode  at  125°C  for  1 hour  shifted  the  maximum  to  a 
combination  750  - 900  response  maxima  curve  with  a long 
wavelength  limit,  at  1150  nyu*  A second  bake  of  an  hour  at 
}.30°C  produced  a marked  750  myk, maximum,  an  inflection  point 
at  900  rayu,,  and  a shift  of  the  long  wavelength  limit  to 
1250  rap.  This  surface  probably  was  deficient  in  cesium 
since  the  cesium  source  was  actually  coded  before  the 
maximum  thermionic  emission  was  reached. 


TABLE  XIV,  FABRICATION  DATA  FOR  190°C  TRACER  TUBES 
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(1)  Subtracting  one  half  the  time  for  oven  warn  up  and  total  time  cesium  was  cooled. 


TABLE  XIV.  (Continued) 
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TABLE  XIV.  (Continued) 
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(5)  Assuming  all  cathode  is  a mixture  of  Cs20  and  CS2O3. 

(6)  Assuming  one  cesium  atom  occuoies  an  area  of  2.7xlO~15  cm^, 

(7)  The  cathode  area  is  2, #6  cm2.  The  tube  envelope  area  is  approximately  SO 


Tube  1588-91  (No,  3)  exhibited  an  abnormal  behavior 
during  cesium  addition.  The  cathode  did  not  have  arreci- 
able  infrared  sensitivity  after  fabrication  and  on  cooxing 
the  cesium  source  the  current  rose  slightly  and  then  de- 
creased immediately.  The  Voltage  dependence  of  the  tube 
current  was  not  studied  in  detail. and  therefore  it  is  not 
possible  to  propose  an  explanation  fox*  the  observed 
behavior,.  , 

The  following  tube,  1588-98,  was  the  first  successful 
tube  made.  This  tube  developed  more  thermionic  emission 
than  the  other  three  and  the  emission  doubled  on  cooling 
the  cesium  source.  After  tip  off  the  spectral  response  was 
characterised  by  a flat  maximum  extending  from  750  to  910 
apd  a long  wavelength  limit  of  1200  ny**  After  a series  of 
5 bakes  at  130°G,  160°G , and  180°C  a Tinal  response  was 
obtained  characterised  by  a 955  ny*  maximum  and  a 11.00  try* 
long  wavelength  limit.  On  baking  the  surface  for  153 
minutes  at  190°C  the  spectral  response  finally  changed  to  a 
low  integral  response  having  a 650  nyu maximum  and  a 1000  nyt. 
long  wavelength  limit.  This  tube  has  been  discussed  in 
detail  in  Section  3.12. 

The  remaining  tubes  were  fabricated  using  a fine  capil- 
lary to  limit,  and  measure,  the  cesium  flow  rate.  The 
technique  of  Section  2.12  was  U3ed.  The  next  tube,  1588-107, 
was  made  at  150°C.  Because  of  an  error  in  the  cesium  flow 
calculations  erces-  cesium  was  introduced  into  this  tube. 

After  fabrication  the  response  could  not  be  readily  measured 
because  of  the  excess  cesium  introduced.  After  a 70  minute 
bake  at  180°C  with  the  desiura  source  cooled  in  a dry  ice- 
acetone  mixture  a photosurface  was  obtained  -which  exhibited 
a 765  maximum  and  a 1250  ny*.  long  X limit.  iSxces^  cesium  still 
remained  in  the  tube. 

At  this  point  the  method  of  following  photosenr.i+  ivity 
using  light  filters  (s^e  'Section  2.12)  was  Introduced. 
Furthermore  radioactive  cesium  was  used  for  the  remaining 
tubes  with  the  exception  of  1588-115  and  1588-117. 

The  first  tracer  tube,  659-16,  did  not  develop  appreci- 
able thermionic  emission  and  the  emission  dropped  on  cooling 
the  cesium  source.  Furthermore,  only  Fi  response  was 
developed  to  an  appreciable  extent  and  decreased  markedly  on 
cooling  the  cesium  source.  This  behavior  is,  of  course, 
quite  abnormal.  The  tube  was  left  in  the  oven  overnight  and 
in  the  morning  wa3  in  the  conduction  region.  The  cathode 
count  gave  a 0.28  (Cs/0)  ratio  which  could  not  be  understood 
since  the  ratio  computed  from  the  flow  rate  through  the 
capillary  was  10.71.  It  is  to  be  noted  that  the  flow  rate 


In  this  case,  and  in  all  subsequent  cases  in  the  present- 
section,  was  computed  from  the  intermediate  pressure  flow 
equation,  ■ 

Tube  659-19  was  fabricated  in  a manner  similar  to 
659-16  h v t the  pee aumcsri ^ ip i o a was  discontinued  before 
the  conduction  region  was  reached,  •’’'his  tube  did  not- 
develop  appreciable  thermionic  emission  and  the  current 
also  decreased  on  cooling  the  -cesium  "sourcev  This ‘is  as-air 
abnormal.  After  fabrication,  the  ^p^ctral  response 
maximum  was  near  5^0  ity^with  a long  wavelength  limit  of  ap- 
proximately 900  nuu  After  baking  for  L 0 minutes  at  130°C 
the  maximum  shifted  to  less  than  500  rtu*.  and  the  long  wave- 
length lini+  to  350  iry^u  while  the  photonurrent  decreased  by 
a factor  of  approximately  two  at  all  wave  lengths . The  {Cs/O) 
ratio  hv  count  was  higher  this  time-,  0.?A,  and  thp  (Cs/O)  by 
flow  was  lower  than  the  previous  tube;  namely,  2,65.  This 
information  seemed  conflicting,  the  more  cesium  introdxiced 
the  less  the  amount  on  the  cathode. 

The  fabrication  procedures  were  carefully  considered 
at  this  point  and  everything  seemed  in  order;  however,  the 
lack  of  thermionic  emission  could  not  be  explained.  It  was 
noticed  that  the  silver  oxide  coat  had  a rather  shiny 
unoxidized  appearance  so  in  the  next  tube  the  silver  was 
first  oxidized  and  then  decomposed  in  order  to  better  pre- 
pare the  base  surface  for  oxidation.  In  addition,  31.0x10-7 
gramntoms  of  oxygen  was  deposited  in  the  next  tube  as 
compared  to  7.54x10-7  in  tube  659-19. 

The  following  tube,  659-29,  showed  that  the  modification 
of  t.he  procedures  apparently  improved  the  emission  of  the 
surface.  On  cooling  the  cesium  source  beyond  the  composition 
2,.2  (Cc/0)  the  emission  increased.  (In  these  tubes  the 
cathode  area  relative  to  the  tube  wall  area  was  small  so  that 
appreciably  more  cesium  was  required  to  react  with  the  glass 
surface  than  for  the  tubes  of  Section  3.1.  Consequently  the 
(Cs/O)  ratio  by  flow  measured  not  only  the  cesium  reacting 
at  the  photosurface  but  also  included  a considerable  fraction 
contributed  by  wall  reaction.)  The  final  photoourface  ex- 
hibited a response  similar  to  commercial  massive  cathode 
surfaces;  namely,  a maximum  at  920  a half  maximum  photo- 
current  wavelength  of  1010  ay*-,  and  a long  X limit  of  1350  m /u 
The  (Cs/O)  ratio  for  the  photosurface  determined  from  the 
cathode  activity  was  1.01  while  the  ratio  determined  from 
the  rate  of  flow  through  the  capillary  was  2.23.  Thus  the 
ratio  obtained  by  counting  increased  again  and  the  flow  value 
decreased . 


It  had  been  observed  that  a rather  large  Fi  response 
developed  during  the  early  stages  of  fabrication.  Since  the 


initial  oxidation  stop  renuired  a higher  voltage  discharge 
than  ' after  the  surface  had  been  oxidized  and  decomposed  it 
was  thought  that  possibly  sputtered  silver  (or  silver  oxide) 
on  the  wall  might  be  contributing'  to  the  odd  behavior  of  the 
(Cs/O  5 ratios,'  Consequently  in  subseouent.  tubes  the  silver 
films  were  initially  oxidized  in  an  auxiliary  vacuum  system* 

The  oxide  was  then  decomposed  bv  heating  the  disc  prior  to 
mounting  In- the  tube- envelope . This  oxidation-thermal - 
decomoosition  cycle  was  repeated  several  times  if  necessary 
to  insure  uniform  oxidation,  - — 

Tube  659-33  was  prepared  in  this  manner  and  the  cesium 
addition  was  continued  until  the  conduction  region  was 
reached.  This” was  done  in  order  to  obtain  a complete  e- 
mission  curve  to  see  the  maxima  developed  and  to  again  check 
the  confusing  result  of  the  (Cs/O)  mole  ratio  for  the  cathode 
decreasing  with  increasing  amount  of  cesium  added.  'As  shown 
in  Figs.  31  and  32  the  behavior  during  cesium  addition  was 
normal.  The  numbers  along  the  curve  of  Fig.  31,  and  in 
subsequent  similar  figures,  give  the  cesium  to  oxygen  ratio 
at.  various  stages  as  calculated  from  the  rate  of  cesium  flow 
through  the  caoillary.  This  time  the  (Cs/O)  ratio  by  count 
was  2.10  while  the  flow  value  was  5.45. 

In  the  following  tube,  659-42,  the  oxygen  deposited 
was  decreased  by  a factor  of  two.  This  tube  during  fabrication 
did  not  behave  "normally" . Thermionic  emission  did  not 
develop  and  cooling  the  cesium  source  caused  the  observed 
current  to  decrease  before  the  conduction  region  was  reached. 
The  final  surface  was  characterized  by  a maximum  at  615  nyc 
and  a long  wavelength  limit  of  350  nyu*.  a tyoical  excess 
cesium  surface.  This  tube  had  a (Cs/O)  ratio  by  cotw-  of 
0.79  and  bv  flow  a ratio  of  7.30.  It  was  now  concluded  that 
the  (Cs/O)  by  count  versus  (Cs/O)  by  flow  must  have  a maximum. 

To  determine  the  influence  of  the  cesium  addition  rate, 
the  rate  for  659-46  was  decreased  bv  a factor  of  3;  namely, 
from  64.14x10”-  to  9.79xl0”9  moles  of  cesium  per  minute. 

During  fabrication  the  emission  characteristics  were  the 
.same  as  for  the  previous  tuba  but  more  F?  response  was 
developed.  The  final  response  had  a peak  at  630  ny^and  a 
long  limit  of  950  mp.  The  cathode  had  a ratio  of  0.57  (Cs/O) 
by  count  and  3.49  by  flow. 

On  reconsidering  the  data  it  was  observed  that  in  the 
nrevious  tubes  which  developed  thermionic  emission  the  initial 
oxide  decomoosition  had  been  performed  in  the  tube  envelooe 
whereas  in  the  poor  tubes  the  oxide  decomoosition  had  been 
performed  by  heating  in  air.  The  possibility  was  considered 
that  the  difficulties  in  tube  preparation  were  due  to 
contamination  during  the  oxide  decomposition  in  air,  conse- 
quently the  auxiliary  vacuum  system  was  modified  so  that  the 
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cathode  surface  could  be  oxidized  and  then  decomposed  by 
heat  treatment  in  a vacuum. 
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This  technique  was  used  in  fabrication  of  tube 
152^-111  but • it  did  not  change  the  emission  characteristics 
dv»ring  fabrication.  The  soecfral  response  was  oracticallv 
flat  from  3.7^  bo  L2$  nyuuwlth  a-  slight  peak  at  370  vy*.  This 
cathode  had  a (Cs/0)  ratio  by  count  of  0.#0  and  hv  flow  of 
only  1.57.  It. is  possible  that.:  during  the  fabrication  of 
this  tube  insufficient  cesium  was  added.  The  behnvior  was 
so  abnormal  that  it  could  not  be  decided  when  the  flow 
should  be  stopped. 

Now  since  153F-9#  was  a good  non-radioactive  tube  and 
seven  poor  radioactive  cesium  tubes  had  been  prepared,  it 
wa3  decided  to  again  try  a commercial  Si-Cs2Cr0k  pellet  to 
see  if  the  difficulties  encountered  were  associated  with 
the  cesium  oellet  preparation.  Tube  15^^-115,  prepared 
with  a commercial  pellet,  exhibited  the  same  behavior  as 
the  previous  poor  tubes.  The  current  durian  cesium  addition 
was  primarily  conduction  in  character,  and  appreciable  therm- 
ionic emission  was  not  developed.  The  final  (Cs/0)  ratio  by 
flow  was  3.17,  the  spectral  response  maximum  was  at  635  tw* 
and  the  long  wavelength  limit  at  1000  mjM 

The  data  at  this  point  were  carefully  examined  and  it. 
was  concluded  that  the  trouble  was  related  to  the  silver  base 
perhaps  through  the  oxidation  step.  To  more  nearly  approach 
the  massive  cathode  tube  characterl st ics  it  was  decided  to 
increase  the  silver  film  base  thickness  above  10,OOOA.  This 
effect  was  tested  with  a non-radioactive  tube  15&3-117  which 
had  a^out  three  tines  more  silver  evaporated  on  the  glass 
disc  than  i-  the  previous  tubes,  33,OOOA  compared  to  10,000A. 
Unfortunately  during  the  fabrication  the  recorder  was  not 
used  so  that  complete  thermionic  emission  and  spectral  data 
were  not  obtained.  However,  as  shown  in  Fig.  $3,  this  tube 
had  a normal  spectral  response,  the  maximum  being  at  950  n w. 
and  the  long  wavelength  limit  at  1350  huh  On  sealing  off  The 
cesium  source  the  revsoonse  maximum  shifted  to  790  and  the 
long  X limit  to  1100  nyu^due  to  the  introduction  of  a small 
amount  of  excess  cesium  (see  Section  3.^1).  Thus  increasing 
the  silver  thickness  resulted  in  a good  tube. 

In  the  following  tube  the  cesium  flow  rate  was  increased 
to  Z).9.9xl0~0  raoles/minut e from  the  value  of  approximately 
10xl0”9  used  in  the  previous  four  tubes.  The  silver  thicknes 
in  this  case  was  20,00OA  compared  to  10,00OA  in  the  earlier 
tubes.  The  tube  behaved  normally  during  the  fabrication  in 
the  oven.  Appreciable  thermionic  emission  developed  and 
increased  markedly  on  cooling  the  cesium  source.  The  cesium 
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FIG.  33.  SPECTRAL  RESPONSE . 

TRACER  TUBE  1588-117 


addition  was  confinued  until  the  thermionic  emission 
maximum  was  passed  as  shown  in  Fig..  84.  The  corresponding 
oven  spectral  data  are  shown  in  *Fig.  85.  The  development 
of  ti  response  at  a very  early  stage  (see  Fig.  85)  was 
shown  in  later  experiments  to  be  associated  with  the 
deposition  of  a cesium  layer  on  the  tantalum  clips  sup- 
porting the  cathode.  'This  tube  gave  a cathode  (Cs/O) 
ratio  by  count  of  a 1.49  and  a (Cs/O)  ratio  by  flow  of 
2*79.  The  spectral  response  curves  before  cesium  source 
seal  off,  after  seal  off,  and  after  an  equilibrating  bake 
are  shown  in  Fig,  86, 


Using  a similar  fabrication  procedure,  tube  1588-130 
was  prepared  using  a 47,0OOA  thick  silver  film.  This  tube, 
as  did  all  subsequent  tubes  with  a thick  silver  film, 
behaved  ^normally”  throughout  the  processing.  The  cesium 
addition  was  discontinued  slightly  beyond  the  thermionic  e- 
miseion  maximum.  The  final  spectral  response,  after  cesium 
seal  off  and  an  equilibrating  bake  of  94  minutes  at  150°C, 
had  a maximum  at  920  and  a long  wavelength  limit  of  1250  ny*. 
The  cathode  count  gave  0.80  (Cs/O)  while  the  flow  ratio  was 
2.51. 


To  obtain  further  data  on  the  effect  of  the  silver  film 
structure  on  the  emission  characteristics,  the  tube  1588-137 
was  prepared.  In  this  case  a 6000A  silver  film  was  deposited 
using  an  evaporation  rate  of  approximately  600A  / hour 
compared  to  the  10,000A  in  15  minutes  used  in  the  previous 
tubes.  This  resulted  in  a silver  film  with  a very  aggregated 
structure.  This  surface  during  fabrication  behaved  normally. 
The  final  cathode  was  semitransparent  and  exhibited  a maximum 
at  935  nyu  and  a long  wavelength  limit  of  1250  nyw.  This  tube 
has  been  discussed  in  Section  3»51*  The  couni  on  the  cathode 
gave  a (Cs/O)  ratio  of  1.23  while  the  flow  data  gave  a ratio 
of  2.59. 

The  data  accumulated  thus  far  defined  a definite  maximum 
in  the  (Cs/O)  ratio  by  count  versus  (Cs/O)  by  flow  curve  as 
shown  in  Fig.  87.  The  points  corresponding  to  (Cs/O)  by  flow 
greater  than  6.0  had,  however,  been  tubes  which  did  not  behave 
normally  during  the  fabrication.  Consequently  tube  1588-145 
was  made  in  which  the  cesium  source  was  cooled  at  the  therm- 
ionic emission  maximum  to  establish  whether  normal  behavior 
was  obtained.  That  such  is  the  case  is  indicated  in  Figs,  . 

88  and  89.  Cesium  addition  was  then  continued  to  give  a 
final  (Cs/O)  ratio  of  7.91  by  flow.  The  final  cathode  count 
gave  (Cs/0)s0.51  and  the  data  fitted  the  curve  defined  by  the 
tubes  considered  as  a whole. 
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The  thermionic  and  photoelectric  emission  charac-'  

teriatics  of  this  tube  (1588-145)  during  fabrication 
are  shown  in  Figs.  88  and  89  respectively.  During  the  .. 
cesium  addition  into  thf  conduction  region  an  interesting 
observation  was  made.  As  shown  in  Fig.  90  the  conduction 
current  initially  increased  rather  slowly  and  then  final- 
ly increased  rapidly.  On  cooling  to  room  temperature  the 
spectral  response  characteristics  could  not  be  determined 
because  Of  the  large  leakage  current.  In  the  case  of 
tubes  in  which  sufficient  cesium  is  added  to  establish  a 
small  conduction  current  the  film  exhibits  a positive 
temperature  coefficient  of  conduction  characteristic  of  a 
semiconducting  surface.  With  sufficient  excess  cesium, 
cooling  the  tube  does  not  eliminate  the  leakage  current-. 
However,  the  resistance  increases  with  time  at  room 
temperature  due  to  the  accumulation  of  the  cesium  on  the 
photo surf ace. 

A possible  interpretation  of  the  abrupt  change  in 
slope  in  Fig.  90  is  that  the  initial  conduction  film 
corresponds  to  the  formation  of  a semiconducting  surface 
cesium  oxide  (CsxOy)  film.  This  surface  with  the  addition 
of  sufficient  cesium  ie  changed  to  a metallic  conductor 
corresponding  to  a large  cesium  excess.  An  alternative 
interpretation  is  that  the  film  during  the  early  stages 
corresponds  to  discrete  islands  of  excess  cesium  on  ceBium 
oxide  which  on  cooling  the  tube  aggregate  and  this  pro- 
duces a positive  temperature  coefficient  of  conduction y 
the  rapid  increase  with  sufficient  cesium  then  corresponding 
to  the  formation  of  a continuous  film.  On  the  basis  of  the 
available  data  a choice  between  these  hypotheses  is  not 
possible. 

Before  proceeding  to  the  description  of  the  tubes 
prepared  at  150°C  it  is  of  interest  to  consider  the  possibili 
ty  of  thermal  decomposition  of  silver  oxide  at  190°C  before 
reaction  with  cesium  takes  place.  The  thermal  decomposition 
of  thick  oxidised  silver  films  has  been  studied  at  190°C. 

The  data  are  given  in  Fig.  8,  Curve  C,  of  Part  I of  this 
Final  Report  Series,  From  this  figure  it  is  evident  that 
on  heating  the  tube  containing  oxidised  silver  a very  rapid 
initial  increase  in  pressure  takes  place  and  thereafter  the 
pressure  increases  very  slowly  with  increasing  time.  The 
question  arises  as  to  whether  this  initial  pressure  increase 
is  due  to  decomposition  of  oxide  on  the  cathode  or  to  de- 
sorption of  oxygen  from  the  glass  wall  of  the  tube  envelope. 
The  amount  of  oxygen  evolved  is  equivalent  to  about  0.3 
monolayer  of  O2  distributed  over  the  tube  envelope  and  hence 
it  seems  quite  possible  that  desorption  is  involved.  If 
this  is  correct  then  the  oxygen  involved  is  not  included  in 
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that  calculated  from  the  pressure  decrease  on  .glow  discharge 
oxidation  because  the  same  amount  of  oxygen  is  adsorbed 
‘both  before  and  after  the  glow  discharge  oxidation*  The 
pressure  decrease -durin"  oxidation  would  then  measure  the 
amount  of  oxygen  on  the  cathode.  Oxygen  desorbed  from  the 
tube  walls  is,  of  course,  present  to  react  with  cesium 
entering-  the  tube  but  the  bulk  of  the  reaction  product  no 
doubt  collects  on  the  walls  of  the  tube  envelope  rather  than 
on  the^cathode.  No  correction  is  reouired,  therefore,  in 
order  to  obtain  the  (Cs/O)  ratio  for  the  cathode.  For  this 
reason  no  correction  has  been  made  in  the  (ds/O)'  ratios. 

4.13  Tube  fabrication  at  150°C 

During  tube  fabrication  at  190°C  as  described  in 
the  proceeding  section  it  was  not  possible  to. obtain  a good 
infrared-sensitive  ohotosurface  which  had  a cathode  (Cs/O) 
ratio  of  greater  than  1.5.  Now  at  150°C  the  additional 
phase  equilibria,  Cs30(s)~Cs20(  s)  t Cs(g.) -CsaO(s)  may  be 
established  during  the  tube  fabrication.  It  was  consequent- 
ly of  interest  to  determine  whether  or  not  the  (Cs/O)  count 
versus  (Cs/O)  flow  curve  had  a maximum  for  tubes  fabricated 
at  150°C  and  whether  a good  cathode  could  be  obtained  having 
a (Cs/O)  ratio  significantly  greater  than  2.0.  Due  to 
limitations  of  time  less  data  could  be  collected  at  150°C 
than  at  190°Co 

The  fabrication  data  for  the  six  150°C  tubes  which 
were  nreoared  are  summarized  in  Table  XV.  The  six  tubes 
correspond  to  the  preparation  of  tubes  having  gross  compo- 
sitions, calculated  by  the  intermediate  pressure  region 
cesium  flow  equation,  of  2.98  to  10.9.  After  the  dasired 
amount  of  cesium  had  been  added  the  cesium  source  was  cooled 
and  the  tube  baked  until  appreciable  infrared  emission -had 
been  recovered.  In  these  tubes  sufficient,  cesium  was  not 
actually  added  to  cause  the  conduction  current  to  rise  marked 
ly.  After  the  bake,  the  tube  was  cooled  to  room  temnerature 
and  the  spectral  response  determined*  After  the  fabrication 
of  tubes  1588-180  and  192  the  cesium  source  was  sealed  off 
and  the  tube  rebaked  at  150°C  to  recover  the  infrared 
sensitivity  lost  by  the  addition  of  a small  amount  of  cesium 
from  the  source.  The  other  four  tubes  were  counted  immediate 
ly  after  fabrication  wirhout  a preliminary  sealing  off  of  the 
cesium  source  and  baking.  This  procedure  was  followed  to 
reduce  the  time  required  to  complete  the  processing. 

In  the  preparation  of  tube  1588-180  the  cesium  addition 
was  continued  to  a tube  gross  composition  of  2.98.  This 
corresponded  to  adding  cesium  beyond  the  thermionic  emission 
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maximum  as  shown  in  Fig^  91.  On  cooling  the  cesium  source 
there  was  a marked  increase  in  the  thermionic  emission  and 
a corresponding  increase  in  the  F2  response  as  shown  in 
Fig.  92.  After  sealing;  the  cesium  source  of**,  the  spectral 
response  curve  exhibited  a maximum  at  650  m/*»and  a 950  m/A/ 
long  X limit.  Baking  at  150°C  for  111  minutes  resulted' in 
a recovery  of  the  infrared  sensitivity  as  shown  in  Fig.  93. 

The  form  of  the  spectral  response  curve  after  bake,  is 
typical  of  a surface  which  contains  some  excess  resiura. 

With  sufficient  baking  the  infrared  response  would  be 
improved  and  more  cesium  probably  distilled  from  the  cathode. 
This  cathode  was  characterized  by  a 1.52  cathode  (C»/0)  ratio 
determined  by  count  compared  to  2.9#  by  flow.  These  date  are 
similar  to  those  obtained  during- tube  fabrication  at  190°C. 

During  the  fabrication  of  the  other  150°C  tubes  the 
cesium  addition  was  continued  beyond  the  .maximum  thermionic 
emission.  Actually,  before  the  cesium  source  was  cooled, 
the  thermionic  emission  was  practically  zero  for  the  time 
intervals  shown  in  the  last  column  of  Table  XV.  Furthermore, 
the  relative  to  Ft  response  was  practically  eliminated 
before  the  cesium  source  cool. 

The  behavior  of  these  excess  cesium  cathodes  is 
illustrated  by  the  data  obtained  during  the  fabrication  of 
tube  153S-19&.  The  thermionic  emission  and  oven  spectral ' 
data  for  this  tube  are  shown  in  Fig.  9k.  It  is  worthwhile 
noting  that  at  the  thermionic  emission  maximum  the  cesium 
source  was  momentarily  cooled  and  a marked  increase  in 
thermionic  emission  occurred.  The  cathode  therefore  behaved 
"normally".  As  shown  in  Fig.  94  the  thermionic  emission  and 
the  infrared  responses  were  nearly  zero  from  100  to  133 
minutes.  Cooling  the  cesium  source  at  133  minutes  resulted 
in  a gradual  return  of  thermionic  emission.  Before  the 
thermionic  emission  had  reached  a stable  value  the  tube  was 
cooled  to  room  temperature  and  the  typical  increase  in  the 
infrared  emission  was  obtained.  In  these  excess  cesium 
cathodes  there  is  also  an  appreciable  increase  in  the  (F]L-?2) 
response  so  that  during  the  cooling  process  the  increase  in 
sensitivity  is  not  related  entirely  to  a shift  of  the  response 
curve  maximum  toward  the  infrared.  The  spectral  response  is 
shown  in  Fig.  95.  The  (Cs/0)  ratio  for  the  cathode,  obtained 
bv  count  of  the  cathode,  was  1.59  while  that  obtained  from 
the  flow  measurement  was  5*06. 

For  the  tube  fabrication  conditions  used  it  was  not 
possible  to  obtain  a surface  for  which  the  (Cs/0)  cathode 
ratio  exceeded  2.0  by  a significant  amount.  The  cathode 
versus  flow  (Cs/0)  ratios,  as  shown  in  Fig.  96,  do  not  fall 
on  a smooth  curve  as  was  observed  at  190°C.  This  might  be 
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FIG.  95-  SPECTRAL  RSSPO 
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FIQ.  96.  CATHODE  VERSUS  FLOW 
(Cs/O)  MOLE  RATIO. 

• Poor  190°C-  Tubes 
0 Good  190°C  Tubes 
W Good  150°C  Tubes 


due  - to  the  small  amount  of  - data  obtained  or  to  differences 
injprOcessing.  The  spectral  response  curves,  on  the  other 
“hand,  do  indicate  that  excess  cesium  has  not  been  complete- 
ly removed*  Comparison  of  the  cathode  (Cs/O)  ratios  with 
those  obtained  by  flow  show  that  considerable  proportions 
of  the  added- cesium  collect  elsewhere  than  on  the  cathode," 

• • • ■*  “ 

h.lk  • Interpretation  of 
' -tracer  composition  data 

yiP**-  / ri  nri  *nrT,r  1 MM*  i . ‘ ril  m+mm  --  III  M*  - J ..  L 

In  the  present  section  we  wish  to  interpret  the 
results  of  the  two  preceeding  sections  and  to  correlate 
the  data  with  the  results  of  Section  3 and  ©specially 
Section  3»1« 

The  first,  and  most  obvious,  fact  which  requires 
explanation  is  the  maximum  in  the  graph  of  cathode  (Cs/O) 
ratio  against  the  (C3/0)  ratio  for  the  photocell  (see  Kip, 

#7) • According  to  this  figure,  the  addition  of  cesium 
beyond  a certain  point  results  in  a loss  of  cesium  from 
the  cathode.  This  might  be  accounted  for  in  a number  of 
way3,  three  of  which  are  as  follows,  (1)  From  the  cesium- 
oxygen  phase  diagram  the  addition  of  cesium  to  Cg20  results 
in  the  formation  of  a liquid  solution  of  CsgO  in  cesium* 

This  liquid  solution  might  spread  over  not  onlv  the  cathode 
but  also  the  support  wires  and  the  tube  envelope.  This 
constitutes  transport  by  capillary  action.  (2)  It  . is  known 
that  under  certain  conditions  a surface  layer  may  possess 
mobility  in  two  dimensions  (surface  gas)  and  hence  spread 
rapidly  in  such  a way  as  to  establish  eoui librium  by 
transporting  material  to  the  tube  supports  and  to  the  wall. 
This  constitutes  transport  by  surface  flow.  (3)  Finally 
the  possibility  exists  that  a volatile  compound  is  formed 
when  cesium  is  added  to  Cs20*  There  I3  no  such  stable 
solid  compound  at  190°C  but.  some  species  (such  as  CB3O)  may 
be  sufficiently  stable  to  diffuse  through  the  varor  phase. 
This  mechanism  constitutes  transport  through  the  vapor  phase. 

The  experimental  evidence  strongly  favors  the  third  of 
the  above  mechanisms  although  the  other  two  are  not  complete- 
ly excluded,  '’’he  f’irst  piece  0^  supporting  evidence  comes 
from  the  Ag-0-C3  cathode  cesium  vapor  pressure  3tudv 
performed  by  Sayama^l,  He  measured  the  cesium  pressure  in 
a phototube  during  the  process  of  cesium  addition  and  found 
it  to  be  extremely  low  until  the  (Cs/O)  ratio  exceeded  2.0. 
Beyond  2.0  (Cs/O)  the  cesium  pressure  began  to  rise  sharply, 
although  remaining  far  below  the  vapor  pressure  of  liquid 
cesium.  Between  2 and  2.5  (Cs/O)  the  ionisation  gauge,  used 
in  the  pressure  measurements,  behaved  normally,  i.e.  in  the 
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manner  expected  for  cesium  vapor.  Beyond  2.5  (C3/0)  the 
gauge  characteristics  began  to  change.  Say  at  a pointed 
out  that  the  gauge  behavior  strongly  indicated  some 
other  substance  than  cesium  in  the  vapor  and  suggested 
Cs-iO  as  a possible  species.  This  study,  it  is  worthwhile 
to^note,  was  performed  at  115°C.  "i  . 

The  third  hypothesis  is  further  supported  bv  some- 
experiments  performed  by  Dr.  Khi-Ruey  Tsai  which 
conclusively  demonstrate  that  oxygen  transport  may 
accompany  cesium  transport.  Dr.  Tsai  found  that  if  a small 
closed  tube  containing  C37O2  at  the  bottom  end  is  partially 
immersed  in  a hot  bath  (120  - 130°C)  that  cesium  collected 
at  the  cool  end  and  CsjO  was  left  at  the  hot  end.  However, 
during  this  process  a thin  layer  of  solid  CftgO  formed  above 
the  bath  surface.  Actually  there  was  a continuous  film  of  i ' 
oxide  extending  from  the  CsjO  in  the  bottom  to  slightly 
above  the  bath  surface.  These  oxides  showed  a gradation  of 
colors  from  dark  red  to  yellow.  A clear  region  of  glass 
remained  between  the  yellow  deposit  and  the  cesium  at  the 
top.  The  identitv  of  the  remaining  phase  was  conclusively 
established  as  CsjO  by  means  of  x~ray  diffraction  powder 
photographs.  In  this  experiment  oxygen  transport  was  shown 
to  occur  from  the  bottom  to  the  region  above  the  bath  surface 
although  the  mechanism  is  not  established. 

In  view  of  these  supporting  experiments  it  seems  highly 
likely,  (a)  that  transport  occurs  through  the  vapor  phase, 
and  (bl  the  moving  soecies  contain  oxygen.  Thus  the  data  of 
Fig.  $7  on  cathodes  prepared  at  190°C  seem  to  be  accounted 
for  in  a highly  satisfactory  uav. 

When  we  consider  the  experiments  at  150°C  in  the  light 
of  the  above  discussion  several  factors  appear  which  require 
explanation.  The  first  of  these  concerns  the  fact  that 
cathodes  prepared  at  150°C  by  introducing  very  large  excesses 
of  cesium  into  the  phototube  still  have  high  infrared  sensitivi- 
ty while  such  cathodes  prepared  at  190°C  have  very  low  infrared 
sensitivity.  This  is  almost  certainly  due  to  differences  in 
the  baking  operations  in  the  two  cases  and  to  the  differences 
in  silver  base.  At  190°C  an  ohmic  conduction  current  appears 
at  lower  (Cs/0)  ratios,  for  the  phototube,  than  at  150°C.  This 
is  very  clearly  shown  by  comparing  Figs.  15  and  17  for  cathodes 
prepared  at  190°C  and  150OC  respectively.  By  the  time,  there- 
fore, that  cesium  had  been  added  to  a photocell  at  19CrC  to 
such  an  extent  that  the  (Cs/0)  ratio  was  large  the  conduction 
current  was  so  large  that  spectral  response  measurements  were 
impossible.  These  tubes  were  usually  not  baked  long  enough 
for  the  conduction  current  to  be  reduced.  This  was  the  case 
for  example,  for  tube  1533-115  (see  Figs.  33,  39,  90).  A large 
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excess  of  cesilua  wjli S added,  it:  this  cas»  and  the  conduction 
current  was  so  large  that  it  seamed,  at  the  time,  hopeless 

to  bhke.  the  tube  lone;  enough  to  distill  excess  cesium  from 

the  cathode  to  the  wall  and  to  reduce  the  'conduction  current. 
We  now  know* .of  course,  that  this  could  probably  have  been 
done  but  at  the  time  this  did  not  seem  evident.  Another 

example  is  furnished  by  the  tube,  prepared  at  190°C,  . 

corresponding  to  the  peak  point  of  Fig.  87.  This  tube, 
659-33,  passed  through  an  intermediate  stage  of  high  infra-  • 
red  sensitivity  as  shown  by  Fig.  82.  The.  tube  was  not  baked, 
however,  after  stopping  the  cesium  flow  for  a long  enough 
period  to  restore  infrared  sensitivity  by  distilling  cesium- 
from  the  cathode.  We  now  know  that,  tils  could  be  done  but 
this  was  not  clear  at  the  time  the  tube  was  prepared.  Some 
of  the  tubes  prepared  at  190°C  by  adding  large  excesses  of 
cesium  were  baked  for  considerable  periods  with  the  cesium 
source  cool  but  these  tubes  were  those  prepared  on  thin 
silver  bases  (10.000A)  and  hence  they  did  not  develop  infra- 
red sensitivity  for  an  entirely  different  reason.  At  150&C, 
on  the  other  hand,  the  high  ohmic  conduction  currents  did 
not  develop  until  the  (Cs/O)  ratios  were  higher.  Moreover, 
by  the  time  these  tubes  were  prepared  it  was  known  that 
infrared  sensitivity  could  l > restored  to  a tube  containing 
even  a large  excess  of  cerium  by  prolonged  baking.  This  was, 
therefore,  done  for  the  150°C  tubes  and  the  final  tubes  had, 
as  the  result,  rather  high  infrared  sensitivities.  In  brief, 
the  processing  methods  used  in  preparing  the  190°C  tubes  were 
more  uniform  than  those  used  on  the  150°C  tubes,  chiefly 
because  the  preparation  method  was  less  well  understood  at 
the  time.  This  probably  contributes  to  the  fact  that  the 
curve  for  (Cs/O)  by  count  versus  (Cs/O)  by  flow  is  smoother 
for  the  190°C  data  than  for  the  150°C  data. 

In  view  of  the  fact  that  a smooth  curve  with  a well 
marked  maximum  is  not  obtained  at  150°C  when  (Cs/O)  by  count 
is  plotted  versus  (Cs/O)  by  flow  can  we  conclude  that  a 
volatile  oxide  is  also  formed  at  150°C7'  The  answer  is  that 
more  careful  inspection  of  the  data  strongly  indicates  the 
formation  of  a volatile  oxide  even  at  150°C,  The  argument 
is  as  follows.  In  the  first  place  the  cathode  (CsAl)  ratio 
for  the  150°C  tubes  never  exceeds  2.0  by  more  than  experi- 
mental error  no  matter  how  much  cesium  is  added  to  the  tube, 
.Moreover,  the  photocell  to  which  *he  greatest  amount  of 
cesium  was  added,  (C9/0)  bv  flow*lG.9,  the  cathode  (Cs/O) 
ratio,  1.27,  was  lowest.  Thus,  although  scatter  in  the  data, 
due  to  variation  in  processing  conditions,  tends  to  obscure 
the  maximum,  the  data  are  compatible  with  the  view  that  the 
largest  excesses  of  cesium  tended  to  reduce  the  amount  of 
cesium  on  the  cathode.  This  tends  to  be  supported  by  the 
fact  (see  Table  XV)  that  the  ratio  of  moles  cesium  on  the 
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cathode  to  that  on  the  backing  disc  shows  a general 
tendency  to  decrease  as  the  (Cs/O)  ratio  for  the  tube 
(obtained  by  flow^neasurernent)  increases.  This  ratio 
of  cesium  on  cathode  to  that  on  the  backing  disc  de- 
creases from  65O  to_U  for  tubes  fabricated  at  150°C« 
These  data  are  also  consistent  with  the  transport  of 
cesium  to  the  tube  envelope  by  means  of  a volatile 
cesium  oxide.  We  conclude,  therefore,  that  even  though 
CS3O  solid  is  stable  at  150°C  the  solid  probably  has  an 
appreciable  v&por  pressure.  - • - , • •• 


It  is  also  of  interest  to  coraoare  the  results  ob- 
tained in  this  section  with  those  of  Section  .3*1.  For 
the  tubes  described  in  Section  3.1  the  maximum  thermionic 
emission  is  obtained  when  the  (Cs/O)  ratios  by  flow  ar$„; , 
between  .l,6_andJIj, 8 . On  the  other  hand,  for  the  tracer 
tubes  prepared  at  190°C  the  (Gs/0)  ratios  (by  flow)  at 
maximum  thermionic  emission  are  larger.  For  example,  in 
Fig.  81  the  maximum  comes  at  2.9,  in  Fig.  84  at  about 
2.6,  and  in  Fig.  88  at  about  2.3.  This  difference  is 
probably  due  in  part  to  the  different  cathode  areas  rela- 
tive to  the  tube  envelope  areas.  For  the  tubes  of  Section 
3.1  the  cathode  areas  were  approximately  22  cm^and  the 
area  of  the  glass  envelope  approximately  113  cm  . For  the 
tracer  tubes  of  the  present  section,  however,  the  cathode 
areas  were  2.86  cm2  and  the  glass  envelope  areas  ap- 
proximately 80  cm2.  The  ratio  of  envelope  area  to  cathode 
area  is  5 and  26  respectively  in  the  two  cases.  If,  there- 
for, cesium  reacts  with  the  glass  envelope  to  the  same 
extent  in  the  two  cases  we  might  expect  that  the  proportion 
of  cesium  on  the  wall  as  compared  to  cesium  on  the  cathode 
would  be  only  one  fifth  as  great  for  the  tubes  of  Section 
3.1  as  for  those  of  the  present  section.  The  proportion  of 
cesium  on  the  wall  to  that  on  the  cathode  for  tracer  tubes 
prepared  at  190°C  is  shown  by  the  following  table.  The 
data  are  taken  from  Table  XIV. 


Tube  (Cs/O)  Flow  (Cs/O)  Count  Cesium  on  Wall 
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The  proportion  of  cesium  on  the  wall  to  cesium  on  the 
cathode  was  computed  by  using  the  fact  that  th8  (Cs/O)  ratio 
by  flow  gives  the  total  cesium  entering  the  tube  to  oxygen 
on  the  cathode.  All  of  the  above  tubes  were  preoared  by 
adding  cesium  until  maximum  thermionic  emission  was  aoproxi- 
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sately  reached.  If  we  suppose  that  the  amounts  of  cesium 
per  unit  area  on  the  wall  and  cathode  respectively  are' 
the  same  for  these  tubes  as  for  the  "tubes  of 'Section 
3.1  at  comparable  stages  of  processing  then  we  Conclude^ 
that  the  proportion  of  cesium  on  the  wall  to  thatr 
on  the  cathode  for  the  tubes  of  Section  3. 1— is  approxi- 
mately 0,25  at  the  same  stage.  If  we  use  this  figure  to 
correct  the  data  of  Section  3.1  so  as  to  obtain  the 
cathode  cesium  to  oxygen  ratio  we  find  for  this  ratio 
1.2$  to  1 ,'1.3  at  maximum  thermionic  emission.  Thia^is 
Still  higher  than  the  cathode  (Cs/0)  ratio  of . 1.T3  found  ' 
for  the  tracer  tubes  prepared  at  190°C  but  the  discrepancy 
is  reduced.  The  agreement  is  probably  as  good  as  can  be 
expected  since  we  have  assumed  that  cesium  is  uniformly 
distributed  over  the  glass  envelope  of  the  +ube.  This  is 
probably  not  a valid  assumption  since  the  glass  used  in 
making  metal  to  glass  seals  for  introduction  of  the  lead 
wires  in  the  tube  is  not  the  same  as  for  the  remainder  of 
the  envelope  and  differences  in  the  rate  of  reaction  with 
cesium  are  to  be  expected.  This  point  can  be  checked  by 
making  use  of  the  data  obtained  on  the  backing  disc  by 
determining  the  activity  of  the  disc  with  a Geiger  counter. 
The  ratio  of  tne  number  of  moles  of  cesium  on  the  cathode 
to  that,  on  the  backing  disc  is  given  in  Table  XIV.  As- 
suming that  the  same  amount  of  cesium  per  unit  area  is  on 
the  tube  envelope  as  on  the  backing  disc  these  data  can  be 
used  to  calculate  the  ratio  of  cesium  on  the  wall  to  that 
on  the  cathode.  If  this  is  done  for  the  same  four  tubes 
as  those  above  the  following  results  are  obtained.  The 
amount  of  cesium  on 

_ , Cesium  on  Cathode  Cesium  on  Wall  , , ,, 

Cesium  on  Disc  Cesium  on  Cathode  (Calculated) 
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the  wall  compared  to  that  on  the  cathode  has  the  same  order 
of  magnitude  as  the  measured  value  computed  above  from 
(Cs/0)  count  and  (Cs/0)  flow  but  is  lower  by  an  amount 
which  exceeds  experimental  error.  This  can  only  mean  that 
the  glass  envelope  of  the  tube  reacts  with  more  cesium  per 
unit  area  than  does  the  glass  backing  disc.  This  becomes 
even  more  pronounced  when  large  excesses  of  cesium  are 
introduced  into  the  tubes.  Consider  for  example  tube  18 
of  Table  XIV.  The  (Cs/o)  ratio  by  flow  for  this  tube  is 
7.91  while  (Cs/0)  by  count  is  0.57.  The  ratio  of  cesium 
on  wall  to  cesium  on  the  cathode  obtained  from  these  figures 
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is  12.6,  r On  the  other  hand,  for  tube  16  the  ratio  of 
cesium  on  .cathode  to  that  on  the  backing:  disc  is  6.99. 

If  we  assume  that  cesium  per  unit -area  on-- the  wall  is 
the  . same  as  that  on  the  bac&J&g  .disc  we  obtain  (cesium 
on  wall/ctfslta  on  cathode )* 3.7 <r  There  is  more  than 
three  times  as  much  cesium  on  the  wall  than  would  he  ex- 
pected if  the’  amount  .of  cesium  oer  unit  area  reacting  with-"" 
the  wall JLs„the  same  as  for  the  backing  disc.  This  means 
that  either  the  wall  is  uniformly  more  reactive  than  the 
dlsc-  or,  more  likely, -‘  that  some  portion  of  the  wall  such 
as  the  glass  in  the  vicinity  of  a metal  to  glass  seal  is 
more  reactive.  We  must  also  remember  that  the  backing 
disc  has  been  more  thoroughly  cleaned  than  the  tube  enve- 
lope. Although  the  whole  tube  was  thoroughly  outgassed 
by  heating  to  100°C  before  preparing  'the  photocell  this 
would  only  remove  volatile  impurities.  A thin  layer  of  a 
nonvolatile  impurity  oh  the  tube  envelope  would  not  be  re- 
‘ moved  by  this  procedure  and  such  an  impurity  may  well  re- 
act with  cesium.  The  glass  backing  disc;  on  the  other 
hand,  was  thoroughly  cleaned  by  chemical  methods  before 
mounting  in  the  tube  envelope  and  was  outgassed  in  addition. 
This  may  be  a significant  factor.  In  this  connection  it  is 
of  some  interest  that,  the  tubes  of  Section  3.1  were  more 
thoroughly  cleaned.  For  the  cathode  was  etched  with  dilute 
nitric  acid  and  rinsed  with  distilled  water  before  pre- 
paring the  photocell.  Thus  both  cathode  and  tube  envelope 
were  chemically  cleaned  before  the  outgassing  operation. 
Moreover,  several  of  the  tube  envelopes  of  Section  3.1 
were  used  over  and  over  again  so  that  the  tube  walls  no 
doubt  became  saturated  with  cesium.  Under  these  conditions 
less  cesium  may  have  reacted  with  the  wall  during  prepa- 
ration of  these  cathodes.  Considering  all  of  these  facts 
the  agreement  between  the  data  on  the  tracer  tubes  and 
those  of  Section  3.1  is  probably  as  good  as  can  b"  expected. 

As  stated  above,  the  amount  of  cesium  found  on  the 
glass  wall  in  the  present  section  is,  for  tubes  prepared 
to  maximum  thermionic  emission,  1.27  times  that  on  the 
cathode.  This  is  roughly  the  same  as  was  found  by  Prescott 
and  Kellyl^.  However,  the  cathode  (Cs/O)  ratio  obtained  by 
the  tracer  study  Is  1.13.  This  is  the  average  for  four 
tubes.  Prescott  and  Kelly  found  2.1  for  this  ratio.  The 
difference  is  probably  due  to  differences  in  preparation. 
Prescott  and  Kelly  apparently  added  more  cesium  tc  their 
cathodes  than  was  the  case  in  the  tracer  study.  The  ratio 
found  in  the  tracer  study  certainly  does  not,  however, 
agree  with  the  idea  that  the  cathode  consists  only  of  Cs20, 
In  fact  Cs?.02  might,  seem  at  first  sight  to  be  indicated. 
However,  CS2O2  Is  not  ^oxmd  in  the  x-ray  study  described  in 
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the  next  section  so  this-  view  can  exc laded  at  once.  t 
If  seems  probable  that,  two  oxides  of  cesium  are  present  1 
irT  th^^"%lT.hoafi^“5'ne  of  which  is  CsoCT'and  the  other  a 
higher  cesium  oxide,  perhaps  C82O3  although  a definite 
identification  has  not  been  made.  If  cesium  had  been 
added  somewhat  beyond  maximum  thermionic  emission  and 
the  tube  baked  to  restore  infrared  sensitivity  the 
cathode  {C3/0)  ratio  would  probably  have  been  higher. 

For  cathode  659-33  the  cathode  (Cs/O)  ratio  is  2, Y, ~the 
highest  obtained  for  any  cathode.  Unfortunately,  this 
cathode  was  not  baked  long  enough  to  restore  infrared 
sensitivity  although  it  seems  very  likely  that  this 
could  have  been  done.  If  this  had  been  done,  however, 
a volatile  oxide  of  cesium  would  have  distilled  from 
the  cathode  so  that  the  (Cs/O)  ratio  bv  count  would  seem 
to  be  less  than  2 even  though  the  cathode  might  have 
contained  only  CS2O.  This  arises  becau.se  of  the  loss  of 
oxygen  which  is  not  taken  into  account  in  the  calculation 
of  the  (Cs/O)  ratios  by  count,  which  appear  in  Table  XIV, 

Fig.  87  and  other  places  in  this  section.  In  view  of  this 
fact  we  might,  well  ask  how  accurate  is  the  (Cs/O)  ratio  of 
1.13,  obtained  for  cathodes  Prepared  to  maximum  thermionic 
emission?  This  is  hard  to  answer.  Inspection  of  Fig.  F7 
suggests  that  the  volatile  cesium  oxide  is  not  ^ormed  until 
the  actual  cathode  (Cs/O)  ratio  exceeds  2.  However,  we 
know  that  the  cathode  reactions  are  slow.  If  the  rate  of 
addition  of  cesium  to  fe  cathode  is  high  then  the  pile-up 
of  cerium  at  the  cathode-vapor  interface  may  produce  a 
local  excess  of  cesium  beyond  the  ratio  (Cs/0)a2.  Under 
these  conditions  the  volatile  cesium  oxide  may  be  forming 
and  distilling  away  even  during  the  early  stages  of  cesium 
addition  in  which  the  overall  (Cs/O)  ratio  for  the  cathode 
does  not  yet  exceed  2,  Loss  of  oxygen  t*rom  the  cathode  by 
such  a process  would  make  the  (Cs/O)  ratios,  by  way  of  count, 
of  Table  XIV  lower  than  the  actual  (Cs/O  ratio  for  the 
cathode.  This  probably  occurs  to  some  extent  but  we  do  not 
think  that  this  is  a major  factor  for  the  following  reason. 
Maximum  thermionic  emission  is  reached  for  tpe  tubes  of 
Section  3»1  before  the  (Cs/O)  ratio  for  the  whole  tube 
becomes  2.  Hence  at  maximum  thermionic  emission  the  cathode 
(Cs/O)  ratio  must,  have  been  less  than  2 unless  a very  large 
proportion  of  the  oxygen  on  the  cathode  had  been  removed  in 
the  form  of  a volatile  oxide  so  that  very  little  remained  on 
the  cathode.  Nothing  about  the  appearance  of  these  cathodes 
sugs^ests  such  behavior  a-nd  hence, we  conclude  that  the  (Cg/o) 
ratio  is  actually  less  than  2 at  maximum  thermionic  emission. 
Similarly  the  (Cs/O)  ratio  of  1.13  obtained  in  the  tracer 
study  is  probably  not  much  in  error  although  it  is  conceiva- 
ble that  it,  might  be  low  by  a snail  amount. 
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In  the  case  of  tracer  cathodes  prepared  at  150°C  the 
cathode  (Gs/d)  ratios  for  go'od  infrared-sensitive < tubes 
is  considerably  greater -+-han  the  1.13  obtained  for  the 
tracer  cathodes  prepared  at  19Q°C » - This  is  probably  due 
to  the  fact  that,  at  150°C,  cesium  was  added  to  well  beyond 
maximum  thermionic  emission  and  the- tube  baked  to  re store 
Infrared  sensitivity.  •- 


It  is  evident  from  the-  above  data  that  determination 
of  the  cathode  (Cs/O)  ratio  is  not  sufficient  to  determine 
the  compound  formed  in  the  cathode.  /In  order  to  unambigu- 
ously identify  the  compound  formed  an  x-ray  diffraction 
study  was  undertaken  as  described  in  the  next  section. 


b» 2 Cathode  Phase 
Identification 


One  of  the  primary  objectives  of  the  Ag-O-Cs  cathode 
investigation  has  been  the  determination  of  the  actual 
phases  present  in  the  photo?pirface.  This  required  the 
development  of  a method  for  the  identification  of  solids 
in  very  thin  films.  Both  electron  and  x-ray  diffraction 
methods  were  considered.  Electron  diffraction  has  the 
advantage  that  even  a thin  film  scatters  sufficiently  to 
provide  an  easily  photographed  diffraction  pattern.  The 
chief  disadvantages  are  (a)  that  the  electron  beam  mav 
damage  the  specimen,  and  (b)  that  metal  equipment  is  used 
with  both  the  beam,  and  specimen  in  the  vacuum  chamber  thus 
increasing  the  chanoe  of  contamination.  The  problems  as- 
sociated with  either  introducing  a prepared  nhotosurface 
into  an  electron  diffraction  camera  or  fabricating  the 
surface  in  the  sample  chamber  are  complex  because  of  the 
reactivity-of  cesium  and  cesium  oxides.  The  performance 
of  definitive  experiments  would  not  be  easy. 


In  the  case  of  x-ray  diffraction  the  situat: oYTiW* 
reversed.  The  specimen  may  be  prepared  in  vacuo  in  a glass 
vessel  and  illuminated  from  the  outside  through  a thin 
window.  However,  scattering  from  thin  films  is  very  small 
on  direct  x-ray  illumination  at  right  angles  to  the  film, 
too  small  in  fact  to  show  up  diffraction  lines  on  films  as 
thin  as  those  of  interest  here  even  after  a b$  hour  ex- 
posure. Two  methods  of  avoiding  this  difficulty  were  con- 
sidered. The  first  involves  illumination  at  glancing 
-incidence.  This  seems  feasible  but  troublesome  to  do  with 
the  readily  available  equipment.  The  second  method  in- 
volves scraping  a sample  from  a considerable  area  and 
loading  into  a fine  glass  capillary  tube  with  thin  walls. 
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The  capillary  com  ents  are  then  characterised  by  x-ray 
dlt ' action  photographs.  Application  of  the  latter 
technique  to  the  study-  of  the  oxide  phases  present  in 
discharge  oxidized  thin  silver  films  indicated  - 
Clearly  that  the  method  could  b°_  uked-ln  the  study  of 
;the  actuate  photo  surf  ace.  This  method  seemed'  vy  Tar 
better  suited  to  the  ■«  investigation  and  hence  has  bee**- 
used.'":-.  - .7  : 


w Three  types  of  cathodes  have  been  studied  hy  x--rav 
diffract1 on  methods;  namely,  (a)  good  infrared-sensitive 
surfaces  fabricated  at  190°C , (b)  cesium  deficient  (CsO) — -* 
cathodes  fabricated  at  150°C,  and  (c)  excess  cesium 
..cathodes  fabricated  at  150°C,  _ The  results  of  these 
investigations  are  discussed  in  the  above  order. 


L . 21  Maximum  thermionic 

emission  - 190°C  surfaces 

To  determine  the  chases  present  in  infrared- 
sensitive  surfaces,  prepared  at  190°C  to  maximum  therm- 
ionic emission,  two  phase  identification  tubes  PTA2  and 
PT55  were  prepared.  Tube  PTA2  was  prepared  on  the  vacuum 
system  while  PT55  was  fabricated  using;  the  oven  system  of 
Section  2.12.  The  cesium  was  added  in  the  case  of  PT/.2 
to  the  thermionic  emission  maximum  while  in  PT55  the  ad- 
dition was  not  discontinued  until  a stable  190°C  surface 
was  obtained.  The  tube  designs  used  in  these  experiments 
have  been  described  in  Section  2. S3* 

The  behavior  of  these  cathodes  during  fabrication  was 
typical  of  the  190°C  tubes.  During  the  oxidation  step  the 
silver  v/as  oxidized  to  a second  order  yellow  in  the  case  of 
PTA2,  and  to  a second  order  yellow  red  in  PT55,  corre- 
sponding respectively  to  the  deposition  of  1.91  and 
3.23xlO"5  gr^matoras  of  oxygen.  The  changes  in  the  spectral 
response  during  the  processing  are  illustrated  by  the  data 
for  PTA2  in  Fig.  97.  In  the  case  of  the  cathodes  to  which 
cesium  in  excess  of  CS2O  was  not  added  the  photosensitivity 
at  the  top  was  less  than  at  the  bottom  (Curves  1 and  1 Fig. 
97).  This  difrerence  has  been  attributed  to  a cesinm 
molecular  beam  efrect  associated  with  the  tube  geometry 
(see  Section  3.17). 


““-'"'  The'  x-rav-  diffraction  samples  from 'the  "cathodes  of 
tubes  PTA2  and  PT55  were  obtained  by  scraping  the  most 
sensitive  regions  of  the  cathodes.  This  process  in  the 
case  of  PT12  shifted  the  response  as  shown  in  Fig.  97.  The 
small  change  in  photosensitivity  which  occurred  indicated 
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the  removal  of  only  a small  fraction  of  the  photosensitive 
species*  In  the  scraping  of  FI‘55  the  drop  was  more  marked, 
actually  the  960  mft.  sensitivity  was  decreased  from  ap- 
proximately 500  to  1#0  mra(10^  range).  The  spectral  re- 
c'pons°s  of  twese  cathodes  did  not  change  significantly  in 
shape  during  the  process  of  obtaining  the  x-ray  diffraction 
photographs.  A precise  check  was  difficult  because  of  the 
problems  inherent  in- remeasuring  the  responses  at  exactly 
the  same  position  with  the  equipment  used.  It  is  worth- 
while to  note  that  after  scraping  the  cathode  surface  of 
both  PT42  and  PT55  the  spectral  -response  maximum  was  shifted 
to  9U0  compared  to  960  and  950  rryk,  respectively,  before 
scraning. 

The  x-ray  diffraction  and  spectral  response  data  for 
the  190°C  tubes  are  given  in  Table  XVI.  The  x-ray  dif- 
fraction rings  for  the  samnle  from  PT5>  were  sharp  and  well 
defined.  The  diffraction  rings  for  PTL2,  on  the  other  hand, 
had  a snotty  appearance  which  indicates  the  pre3nnce  of 
rather  large  Cs20  crystallites.  Intensities  are  estimated 
only  for  the  rings  from  PT55.  Interplanar-  spacings  (d/n) 
are  given  in  Angstroms.  The  formula  for  the  solid  phase 
giving  rise  to  each  diffraction  line  is  included  in  Table 
XVI  together  with  the  interplanar  spacing  for  the  pure 
substance.  In  the  case  of  PT55  all  of  the  lines  are  ac- 
counted *'or  as  due  to  either  Cs20  or  silver.  In  the  case 
of  PT/,2  two  weak  lines  at  d/n»2.85  and  2.17  are  unidenti- 
fied. The  remaining  lines  for  PT12  are  accounted  for  as 
due  tc  either  C82O  or  silver.  Moreover,  rather  large 
crystals  of  Cs20  are  apparently  formed. 

It  seems  evident  that  CS2O  is  the  dominant  oxide 
phase  in  a highly  infrared -sensitive  cathode  prepared  to 
maximum  thermionic  emission  at  190°C.  We  are  unable  to 
detect  a higher  oxide  of  cesium  in  these  cathodes.  Neither 
was  anv  unreduced  silver  oxide  found.  The  results  of  the 
preceeding  section  show,  however,  that  the  cathode  cannot 
contain  CS2O  alone  since  the  cathode  (Cs/0)  ratio  is 
substantially  less  than  2.  The  explanation— for  -the  failure 
to  find  the  higher  cesium  oxide  is  probably  as  follows. 

The  cathodes  were  not  uniform  due  to  the  placing  of  the 
cesium  capillary  inlet  relative  to  the  cathode.  Some  areas 
of  the  cathode  contain  more  cesium  than  others.  Samples 
were  taken,  as  explained  above,  from  the  areas  having 
highest  infrared  sensitivity.  These,  however,  are  probably 
the  areas  containing  the  greatest  proportion  of  CspO.  If — 
the  overall  composition  of  an  area  were  such  that  (Cc/0)sl.7 
and  the  oxides  present  were  CS2O  and  C32O3  then  90  mole 
percent  of  the  mixture  would  be  CsjO.  A small  amount  of 
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CspOo  might  escape-  detection.  ' There  is  another  fectpS*<f„f^ 
Icn  also  makes  the  detection  of  CS2O5  dif  Fucultf*  y:P'32& 
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is  probably  the  outermost  phase  so  that  any  CsgXl^n^ 
crystals  present  are  probably  coated  with  a layer "of 
CS2O.  Since  cesium  compounds  adsorbed  CuK^  radiation 
jrath^r  strongly  the  diffraction  by  C82O3  would  be 
weakened  by  the,,  oilter  coating,  of*  CS2O  and  thus  a small 
amount  could  .escape  detection. 
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1.22 


Ce3ium  deficient 
150°C  photosurfaces 


Since  the  thermionic  emission  maximum  during 
cesium  addition  at  150°C  occurs  at  approximately  t.he  same 
tube  gross  composition  as  at  190°C  it  was  assumed  that 
the  phase  identification  results  obtained  at  190°C  also 
apply  to  this  surface.  One  marked  difference  between 
190°C  and  150°C  tubes  is  the  formation  of  a "stable” 
surface  at  low  (Cs/o)  ratios  during  fabrication  at  150°C. 
During  fabrication  at  190°C , the  decrease  in  emission 
which  occurs  or  coolie*  the  cesium  source  at  low  (Cs/O) 
ratios  is  cons! lered  to  arise  from  the  presence  of  un- 
reduced silver  oxide  in  the  ohoto surface  (see  Section  3.1). 
To  obtain  more  definitive  data  on  the  characteristics  of 
tubes  with  low  (Cs/o)  ratios,  a series  of  four  x-ray  dif- 
fraction tubes  were  prepared  at  150°C  with  a final  gross 
tube  composition  of  lGs/0)sl.0. 


Durin*  the  fabrication  of  the  cathodes  PT57,  59,  65— 
and  several  interesting  observations  were  made  on  the 
effect  of*  the  tube  geometry  on  the  nhotosurface  formation. 
The  three  cathodes  were  oxidized  in  the  glow  discharge  to 
give  the  following  oxygen  contents: 


grama tom  0 

Color 

PT57 

1.95x10-5' 

■^rtH  order  yellow 

59 

3.36x10-5 

2nd  order  gold  yellow 

65 

2.57x10-5 

2nd  order  red  green 

6 $ 

3.36x10-5 

2n°  order  dark  green 

On  the  addition  of  cesium  to  the  photosurface  it  was 
observed  that  Fhe  coTolr  of  the  top  half  of  the  cathode  was 
unchanged,  after  sufficient  cesium  had  been  introduced  to 
give  a *ro3S  composition  of  (Cs/0)=1.  The  bottom  half  of 
the  ftathorie , _ however , hue- -changed  to  a grev  black  color 
while  at  the  center  there:'was  a transition  region  of  grey 
black  fading  into  the  oxi3e  color.  On  cooling  the  cesium 
source  at  1.0  (Cs/0)  the-^hormionic  and  photoelectric  e- 
mission  rose  to  "stable"  values.  On  cooling  the  tube  to 
room  temperature  the  photoelectric  response  increased,  the 
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effect  being  nost  marked  for  the  Fj_  and  F?  responses,  * 

Thus  the  increase  in  response  during  cooling  of  tB^-Se 
cathodes  occurred  predominantly  sin  the  wavelength  region 
of  less  than  900  in (M  The  spectral  response  of  PT57  at 
the  bottom  (grey  black),  center  (transition  cplor),  and 
top  (yellow)  o.f  the  cathode  after  fabrication,  and  after 
the  equilibrating  bake  following  cesium  source  seal  off 
is  shown  in  Fig.  9$.  It  is  worth  noting  in  this  surface 
that  shapes  of  the  spectral  response  curves  of -the --cathode— - 
are  to  a rather  large  extant  independent  of  the  position 
illuminated  though  narked  differences  in  the  integral 
sensitivity  occur.  It  is  clear  from  Fig.  that-  the 
cathodes  are  quite  non-uniform.  Thi3  nonuniformity  is 
more  pronounced  for  cathodes  with  (Cs/0):1  than  -Tor  any 
others  which  have  been  encountered. 

The' apparent  decrease_in  the  response  at  the  cathode 
center  on  baking  shown  in  Fig.  9S  is  not  very  significant, 
because  of  the  rapid  change  in  response  occurring  in  the 
color  transition  region.  It  is  difficult  to  locate  the 
same  spot  in  remeasuring  the  spectral  response.  If  the 
cathode  had  not  been  given  an  equilibrating  bake  before 
cooling  to  room  temperature  there  would  have  been  a more 
marked  variation  in  response  characteristics  from  ton  to 
bef-om. 

Since  these  cathodes  represent  good  examples  of  cesium 
deficient  tubes  it  is  of  interest  to  Dresent  the  data  in 
detail  for  PT59  and  PT65.  The  tube  PT59  exhibited  a 
variety  of  response  characteristics  during  processing  which 
are  typical  of  PT57,  59  and  6£,  whereas  PT65  resembled  the 
good  infrared-sensitive  tubes.  In  the  tube  assemblv  process 
small  differences  actually  exist  in  the  positioning  of  the 
cesium  inlet  tube  relative  to  the  photosurface  and  conse- 
quently it  would  not  be  anticipated  that  the  actual  photo- 
surface  formation  conditions  would  be  reoroduced  from  tube 
to  tube.  It  was  not  feasible  to  fix  this  variable  in 
these  tubes  bv  repeatedly  using  the  same  envelope  and 
capillary.  — . 

The  behavior  of  the  thermionic  emission  and  the  oven 
spectral  response  during  the  initial  fabrication  of  PT59 
is  shown  in  Fig.  99.  On  cooling  the  cesium  source  there 
was  a marked  increase  in  the  thermionic  emission  to  a 
maximum  followed  by  a decrease.  Simultaneously,  in  this 
ease,  there  occurred  a marked  decrease  in  the  photo- 
response. On  cooling  the  tube  to  room  temperature  the 
photoemission  increased  primarily  in  the  (F^-F?)  region, 
indicating  change  occurring  at  wavelengths  less  than  900  rut/. 
After  fabrication , the  base  region  (grey  black)  of  the 
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cathode  exhibited  a double  maximum  response  as  shovm  in 
Fig.  101.  The  responses  at  thid'  other  positions  were 
similar  in  shape  but  with  a marked  reduction  in  the 
photo emission.  After  sealing  off  the  cesium  source  the 
resoonse  at  the  bottom  of  the  cathode  corresponded  to 
curve  2 in  Fig.  101  while  at  the  top  of  the  cathode  the 
response  corresponded  to  curve  5.  Thus  the  introduction 
of  a small  amount-  of  cesium  during  seal  off  resulted1  in 
an  elimination  of  the  700  wp/  maximum.  

During  the  equilibrating  bake  of  PT59  at.  150°C  the 
thermionic  and  photoelectric  emission  became  stabilized 
ao  shovm  in  Fig.  100.  Again  on  cooling  the/;,tube  there 
was  a marked  increase  in  the  (F1-F2)  response*  After 
the  bake  the  spectral  response  at  the  bottom  of  th6rcathode 
corresponded  to  curve  3 in  Fig*  101.  In  this  case  a 
definite  maximum  in  the  900  - 1000  region  was  developed. 
Scraping  an  x-ray  powder  sample  from  the  cathode  did  nbt 
appreciably  alter  the  response  characteristics.  Approxi- 
mately three  weeks  later,  after  the  x-ray  diffraction  ex- 
periments were  completed,  the  spectral  response  at  the 
bottom  region  had  changed  w a double  peak  curve  as  shovm 
by  curve  4 in  Fig.  101.  The  cause  of  this  shift  has  not 
been  investigated.  It  is  possible  that  the  change  is  re- 
lated to  the  slow  decomposition  of  silver  oxides  present 
in  this  surface.  A detailed  study  of  the  stability  of 
cesium  deficient,  surfaces  over  a long  period  of  time  was 
not  performed . 

The  behavior  of  PT65  during  the  initial  fabrication 
13  illustrated  by  the  data  presented  in  Fig.  102.  Cooling 
the  cesium  source  in  this  case  resulted  in  an  increase 
in  the  thermionic  and  photoelectric  emission  to  stable 
values.  Cooling  the  tube  resulted  in  an  increase  in  both 
the  (^i-Fg)  and  Fc  responses  similar  to  that  observed  in 
the  fabrication  of  1.6  - 1.8  (Cs/0)  tubes  (see  Section 
3 .1) . The  change  in  the  tube  characteristics  during  the 
equilibrating  bake  at  150°C  is  shown  in  Fig.  103 . The 
spectral  response  characteristics  after  fabricaticn  and 
after  bake  are  shown  in  Fig.  104.  During  the  baking 
operation  the  response  at  the  cathode  base  did  not  change 
appreciably  but  a marked  increase  in  the  sensitivity  at 
the  top  (red)  portion  of  the  cathode  occurred.  After 
scraping  the  central  region  of  the  cathode  to  remove  an 
x-ray  sample  the  spectral  response  at  the  base  shifted  to 
curve  3 in  Fig.  104.  No  marked  change  in  the  response 
characteristics  occurred  during  the  following  3 day  nerind 
in  which  x-ray  photographs  were  prepared. 
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FIG. 


102.  INITIAL  FABRICATION  PT65  - 150°C. 
THERMIONIC  EMISSION  AND  OVEN 
SPECTRAL  DATA. 


Tube  Coe! 


I CsC.s! 


The  x-ray  diffraction  and  spectral  response  data  for 
PT59  and  PT65  are  summarized  in  Table  XVII.  The  x-ray 
photorraphs  for  PT57  proved  to  be  unsatisfactory  due  to 
---a  contamination,  of  the  sample  by  iron.  During  the  initial 
oxidation  and  heat  treatment  of  this  tube  the  razor  blade 
was  appreciably  oxidized.  This  oxide,  on  reaction  with 
cesiun,  resulted  in  the  formation  of  an  iron  film  which 
did  not  adhere  to  the  blade.  Consequently  the  sample 
— consisted  primarily  of  iron  and  silver,  the  percentage 
of  other  phases  being  too  small  to -detect*  In  the  tubes 
with  (Cs/0)sl  it  was  difficult  to  obtain  a sample  in  which 
there  was  a sufficiently  high  concentration  of  other 
phases,  relative  to  the  silver,  to  give  characteristic 
diffraction  lines  which  could  be  identified. 

As  shown  in  Table  XVII  the  predominant  constituent 
of  the  samples  from  PT59  and  PT65  is  silver.  The  sample 
in  PT59  vras  removed  primarily  from  the  top,  apoarcntlv 
unreact.od  region,  of  the  cathode.  In  this  case  a pair  of 
diffraction  lines  appear  at  2.71  and  3.02A.  This  pair  of 
lines  mav  be  related  to  the  CuKgi  and  CuKy*  reflections  from 
the  2. 72  line  observed  in  the  silver  oxide  pattern.  The 
relative  intensities  of  the  other  silver  oxide  linos  are 
too  low  to  he  readily  detected,  ^ince  the  presence  of 
linos  with  d/n>3.1  could  not  be  readily  established,  be- 
cause of  the  high  background  scattering,  the  phase  re- 
sponsible for  the  lines  at  2.57,  2.52,  2.16,  and  2,11 
could  not  be  uniquely  assigned.  The  cesium  oxides  Cs20. 
CS2O3,  and  CsOo  do  not  have  diffraction  lines  near  2.75A 
and  consequently  the  presence  of  silver  oxide  in  PT59  is 
established. 

For  ease  of  comparison,  the  diffraction  lines  (with 
d/n  between  3,f  and  2.0}  for  several  oxides  of  cesium  are 
given  below. 


The  relative  intensities  are  in  each  case  referred  back  to 
the  strongest  line  in  each  substance  as  100,  The  intensi- 
ties do  not  permit  any  comparison  of  the  scattering  power 
of  one  substance  with  that’ for  a different  substance. 

X-ray  diffraction' lines  given  for ‘:C 3302  were  not  obtained 
by  observation  on  the  pure  substance.  Instead,  phase  are 
lines  found  in  a Cs20  sample  which  had  been  exposed  to  a 


C spO  OspOp ( 7 ) 

f{|lUao)  ttMkot 
2.61(1}  2.11(20) 

2. 1*(3) 

2.12(25) 


Cg?0^  CsOo 

d/n  (I)  d/nfl) 

2.6l(ko)  2.39  (£0) 

2.17(10)  2.22(60) 

2.11(10)  2,11(60) 

2.02(20) 
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TABLE  XVII.  CESIUM  DEFICIENT- PHASE 

IDENTIFICATION  TUBES  150°C 


Tube  Data 

Tube  (Cs/O)  Stage  Max.  PEA.  Long  A Limit  £ Max.  PEA.  PE  at  Jiax. 
Flow  ra/*.  mp*  ' ' mf**  tnmlO“ 


PT59 

1.0  After  Fab.  700/900 
After  150OC 

1250 

1045 

27/23 

Bake  750/930 

1300 

10  BO 

36/46 

PT65 

1.0  After  Fab.  950 
After  150°C 

1250 

1050 

260  (Bottom) 
315  (Top) 

Bake  945 

1300 

1060 

260  (Bottom) 
16  (Top) 

Diffraction  Data-*-*2 


Interplanar  Spaeings 

mr  TT55 
mkfci- 

3.02(1) 

2.74  2) 

2.60(5)  2.62(5) 

2.57(0.5) 

2.52(0.5) 

2.46  (4)  2.46(1) 

2.35(10)  2.35(10) 

2.24(1)  2.24(1) 

2.11  1)  2.11  1) 

2.05(5)  2.05(5) 


Formula 


Pfrasa 


d/nli)  Radiation 


2.72(100)^ 
2.72(100)^ 
2.36(lOO)f 

AgxOy  2.51(25-50)* 

Ag  2.36(100  )«* 

Ag  2.04(40)/3 

Ag  2.04(40)* 


1.  Background  intensity  too  high  to  observe  diffraction  lines 
at  d/n>3.1. 

* 

2.  The  values  of  d/n  for  the  diffraction  lines  of  PT59  and 
PT64  were  calculated  using  the  wavelength  for  CuKsk 
radiation  (1.54A).  In  those  cases  in  which  lines  actual- 
ly arise  from  the  diffraction  of  CuK^  radiation  the  re- 
corded d/n  will  be  high  by  10?t.  The  values  of  d/n  given 
for  the  various  phases  are  the  actual  interplanar 
spacings  in  Angstrom  units. 
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slight  excess  of  oxygen.  The  abo’je  data  are  taken  from 
Table  II  of  Section  1.1,  except  that  relative  intensities 
have  been  changed  to  a scale  or  100  as  explained  aboye. 

t-t'  •• 

Those  diffraction  lines  given  in  Table  -XVII  which 
cannot  be  Identified  as  arising  either  from- silver  or 
from  silver  oxide  are  at  d/nr 2. 57,  2,1*6  and  2,11  for 
PT55  and  at  d/n‘2.46  and  2,11  for  PT65.  Since  there  i3 
no  line  for  either  PT59  or  PT65  ai-d/h*2.91  it  follows 
that  the  proportion  of  Cs20  must  be  small.  The  line  at 
2.1*6  might  beetle  either  to  CS2O2  or  C82O3.  The  line  at 
2.11  might  be  due  to  CS2O3.  However,  CS2O2  is  not  ex- 
cluded because  the  diffraction  lines  for  this  substance 
are  observed  only  as  ’’extra"  lines  in  impure  samples  of 
Cs20«  Since  CS2O  has  a line  at  2,11  it  cannot  be  told 
whether  C32O2  might  also  have  a line  at  the  same  d/n. 

The  line  at  2.60  for  PT59,  at  2,62  for  PT65,  coincides 
with  that  expected  for  the  fi  reflection  from  the  2.36 
interplanar  spacing  of  metallic  silver.  The  intensities 
seem  too  high,  however,  for  the  line  to  be  explained  in 
this  way.  Some  other  phase  is  probably  contributing. 

CS2O2  has  a strong  line  at  2.60  and  CspCh  has  a strong 
line  at  2.6i*.  Hither  of  these  two  oxides  could  be  re- 
sponsible for  the  intense  lines  at  2.60  and  2.62  re- 
spectively for  PT59  and  PT65.  No  decision  can  be  reached 
at  present,  between  C32O2  and  C62O3  as  the  oxide  phase. 

As  stated  above,  the  samples  are  not  well  suited  to  the 
detection  of  oxide  phases  because  of  the  large  proportion 
of  metallic  silver. 

The  fact  that  Cs20  could  not  be  detected  in  PT65  is 
interesting  since  this  cathode  has  high  infrared  sensitivi- 
ty at  the  bottom  portion.  It  seems  likely  that  Cs20  is 
present  in  small  quantity.  Because  of  the  nonuniformity 
of  the  cathodes  prepared  to  the  ratio  (Cs/o)*l  the  x-ray 
data  are  hai-d  to  interpret. 


A. 23  Excess  cesium 

150°C  photosurfaces 

The  preparation  of  cathodes  at  150°C  which  contain 
excess  cesium  is  of  particular  interest  in  connection  with 
the  question  of  whether  or  not  CS3O  is  a good  infrared 
emitter.  This  question  could  not  be  settled  by  either  the 
flow  or  tracer  composition  experiments  in  an  unequivocal 
manner.  Definitive  results  were  obtained  from  the  x-ray 
diffraction  characterization  of  two  excess  cesium  cathodes 
PT56  and  63. 
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In  the  fabrication  of  PT5$,  excess  cesium  was 
introduced  'at  150°C  to  a tube  gross^  composition  of  ap- 
proximately 2.1  (Cs/O) . The  cathode,  after  a 25  minute 
equilibrating  bake  at  150°C  with  the  cesium  source  cool, 
developed  a small  F2 ^response  which  increased  appreciab- 
ly when  the  tube  was  cooled.  The  spectral  response  before 
and  after  the  seal~off ~of  the  cesium  source  is  shown  by 
curves  1 and  TSLin  Fig,  106.  On  baking  the  cathode  at 
150°C  the  therra'iojnic  emission 'and  infrared  sensitivity  was 
recovered  as  shown  in  Fig.  105.  After^t.his-bake  the 
cathode  exhibited  appreciable  infrared  sensitivity  as 
shown  bv  curves  3 anti  L in  Fig.  106.  /r'V 


In  the  fabrication  of  PT63  considerably  greater  care 
was  exercised  in  the  preparation  of  the  tube  for  mounting 
on  the  vacuum  system.  After  assembly,  the  tube  was  re- 
peatedly rinsed  with  distilled  water  to  remove  any  soluble 
materials  which  may  have  been  deposited  within  the 
envelope  during  the  assembly  operation.  It  is  important  to 
note  that,  the  tube  was  rinsed  with  distilled  water  just 
before  sealing  to  the  vacuum  system  and  beginning  the 
fabrication  process.  Thus  any  film  of  soluble  solid 
distilled  onto  the  cathode'  or  envelope  is  removed.  During 
the  fabrication  of  this  cathode,  excess  cesium  was  intro- 
duced to  give  a tube  gross  composition  of  2.$  (Cs/0).  On 
baking  the  cathode  for  10  minutes  at  150°C,  after  cesium 
source  seal  off,  no  thermionic  emission  developed  and  the 
conduction  current  became  stabilized  at  0,6  mmilO^  range) 
at  150°C.  This  did  not  significantly  change  t.ha  spectral 
response  as  shown  by  a comparison  of  curves  1 and  2 in  Fig. 
107.  This  cathode  was  then  baked  for  an  additional  125 
minutes  at  150°C  and  then  cooled  to  130°C  and  baked  for 
another  200  minutes  to  facilitate  the  establishment  of 
equilibrium  in  The  photosurface.  During  this  second  bake 
the  conduction  current  at  150°C  was  0,62  mm(105  range)  and 
decreased  to  0,30  on  cooling  to  130°C.  During  the  process 
of  baking  no  appreciable  F2  response  was  recovered.  Th$ 
response  at  the  end  of  ^ he  second  bake  was  127  mm(105 
range)  compared  to  0.17  rami 10*  range)  for  F2.  The  response 
curves  after  these  baking  operations  and  the  further 
processing  of  the  surface  are  shown  by  curves  3,  1»  and  5 
in  Fig.  107*  It  is  apparent  that  the  photosurface  in  this 
tube  is  characterized  by  a maxi..ium  response  of  650  my*  and 
a long  wavelength  limit  of  <*$50  my.  The  thermionic  e- 
mission  data  for  PT63  have  already  been  discussed  in  Section 
3.17  (see  Fig.  27).  The  fact  that  the  tube  could  be  baked 
without  restoring  infrared  sensitivity  is  probably- due -to 
the  fact  mentioned  above,  that  the  tube  was  rinsed  with 
distilled  water  just  prior  to  oxidation  of  the  silver  base. 
The  tube  walls,  being  clean,  probably  did  not  react  with 
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excess  cesium.  ^ 

x-ray  diffraction  data  are  summarized  for  both 
photocathodestln  Table  XVIII.  It  Is  to  be  noted,  as 
described  in  the  table,  that  interplanar  sMdMgs‘'"were  • 
calculated  from'The-  line  positions  on  the  photographs  ~ 
using  the  wavelength  (1.54AJ_for  CuK^  radiation.-  In 
some  instances,'  due  to  the  .use  of  unfiltered  radiation, 
the  linos  are  actually  due  to  diffraction  of  CuK^t 
radiation . In  such  cases  "the  interplanar  soarings,  d'n,, 
will  be  10$  too  high.  Since  the  x-rav  diffraction  photo- 
graphs contain  both  diffraction  rings,  due  to  powder 
scattering,  and  soots,  due  to  single  crystal  scattering, 
relative  intensities  are  not  reported.  Included  in 
Table  XVIII  are  the  interplanar  soacings  for  the  solid 
phases  which  produce  diffraction  lines  at,  or  very  neajp, 
ft  to,  those  which -.are  observed.  The  interplanar  s pacings' 

(riven  for  these  substances  are  those  actually  observed 
for  the  pure  substances.  The  radiation  («*  or  /&)  dif- 
fracted from  the  planes,  whose  spacings  are  given,  In  order 
to  produce  the  corresponding  lines  for  the  cathodes  PT5#  and 
PT63  is  also  indicated  in  the  table.  When  the  dif- 
fraction lines  due  to  <*  radiation  from  one  set  of  planes 
coincides  with  the  fi  radiation  from  another  then  the 
observed  line  may  be  a superposition  of  the  two.  An 
exception  is  the  diffraction  line  at  d/n»3.35  for  PT63. 

This  is  due  to  CuK^  radiation.  (See  Section  2.33  for  a 
description  of  the  method  of  identifying  reflections  due 
to  CuK^  radiation). 


S> 


3 


The  powder  diffraction  pattern  for  PT5$  uneauivocal-  > 
ly  establishes  the  presence  of  Cs->r  Since  unfiltered 
radiation  from  a coprer  targe;  x-ray  tube  was  used  to 
prepare  the  photographs,  numerous  single  crystal  dif- 
fraction spots  appear  as  the  reflection  from  crystals  which 
were  properly  oriented.  These  soot-s  for  the  most  part 
arise  from  CuK*  and  CuK£  scattering  as  indicated  by 
the  Laue  streak  structure  produced  by  the  15°  N 

oscillation  of  the  sample.  These  snots  are,  In  the  case 
of  PT5$,  associated  with  isolated  crystals  of  Cs?0.  This 
is  indicated  by  the  fact  that  the  strong  Cs?0  lines,  at 
d/n  values  of  3.43  and  2.91,  exhibit  a relatively  high 
density  of  CuKtf.  single  crystal  snots.  Thus  the  single 
crystal  reflection  observed  at  3.79  i 3 to  be  associated 
with  the  CuK^  reflection  from  the  3.43  spacing  of  CspO. 
There  is  no  conclusive  evidence  for  the  presence  of  Cs-iO 
in  PT58.  3 


j 

* 


The  powder  diffraction  pattern  of  PT63  unequivocally 
establishes  the  presence  of  both  Cs^O  and  CS2O  in  this 
cathode.  The  presence  of  a strong  CuK^  powder  line  at 
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TABLE  XVIII.  CESIUM  EXCESS  PHASE  " 


ILSNT.IFICA'I  ION 

TUBES 

• P /.  'S' 

' . • ■». 

- 150°C 

, 

- • y,**' 

• • . j 

-Tube  Dat.i 

a 

Tube 

(Cs/0)  Stage 

:.  PEX  LongX'Limit. 

\ Max.PEX  PE  at  Max. 

' Flow  ..  fir; . 

nyy  __  . 

.mi* 

. . . m/*r 

ramlO° 

?T5» 

(v2.A  Ait  or  Fab.r 

725 

920 

795 

A5 

‘'After 
150°C  Bake 

390 

1200 

935 

133 

PT63 

/v2.3  After  Fab. 

6A0 

300 

715 

35 

125  min.l50°C 

+200  min. 

130°C 

650 

310 

725 

. 32 

Diffraction  Data 

The  interplanar  apacings,  d/n,  are'  in  Angstroms  and  were  calcu- 
lated. for  PT63  and  PT53,  assuming  the  wavelength  for  the  CuK* 
line  (1.5LA).  In  those  cases  in  which  the  line  is  due  to  CuK/i 
radiation  the  tabulated  d/n  will  be  too,  high  by  10%.  The 
interplanar  spacings  given  for  the  possible  phases  are  actual 
values  for  the  pure  solids.  The  type  of  radiation  is  indicated 
in  each  case.  The  letters  S and  P indicate  single  crystal 
soots  and  powder  lines  respectively.  (See  text  for  further 

explanation) . 

Possible  Phases 


mr 



S+P  3.T5I*) 

S -3.79 

3.3o(lOO)* 

S+P  3.A5 

S+P-3.3A-3.A3 

3.37(10  )* 

P 3.17 

P-3.19 

S 3.U 

2. *7(15)3 

S 3.00 

S -3.02 

2.63  50)0 

P 2.92 

S+P-2.93 

2.37(15)* 

S -2.72 

S+P  2.62 

S+P-2.63-2.59 

2.63(50)* 

S 2.53 

2 . 5A ( 2 )* 

S 2.A2 

fS  -2.  All 

2,13(10)0 

S 2.33  l 1 

P 2.36 

P-2.3A 

s 2.29 

2.23(10)* 

P 2.27 

P-2.27 

S+P  2.13 

s -2.19 
s -2.13 

2.10(5)* 

s 2.09 

S 2.09 

P 2.0 A 

P 2.0A 

s 2.013 

P 1.99J 

s 1.92 

S <*vl,37 

1.39(15)* 

P 1.31 

S 1.30 

S 1.30 

p 

S 1.77 

CspO 

3.A371W 
3. A3 ( 100)* 
3.16(25)* 


2.91(100)* 

2.6A(1)* 

2.13(3)0 

2.13(25)/* 


2.13(3)* 

2.13(25)* 


1.99(20)01 


2.36(100)0 

2.36(100)* 

?.oa(ao)0 

2.OA(AO)0 


1.30 
1.30 
.It 16 


10 )« 
10)* 
20)* 


P»  Powder  Line 


3.65A  establishes  the  presence  of  CS3O.  The  three  powder 
diffraction  lines  at  3.A5,  3.175.  ana  2.92A  exhibit  the 
intensity  distribution  characteristic  of  Cg^O  and  have  arr_ 
intensity  comparable  to  the  3.65  line.  In  addition  to 
the  powder  phases  CS2O-CS3O  there  are  some  rather  large 
single  crystals.,  of  Cg^O  present  as  indicated  by  the  . 
annearance  of-  single  crystal  reflections  superimposed  on  C’ 

the  GS3O  powder  pattern;  If  large  single  crystals  of 

C62O  were  present  to  an  appreciable  extent  it  would  be  _ j 

anticipated  that  at  least  one  reflection  would  be  obs^ix®d 
on  the  3.17  or  2.9?  lines  as  observed-  in  PT5#0 

The  x-ray  diffraction  results  for  the  excess  cesium 
cathodes  provide  several  interesting  conclusions.  Con-  - s 

sidering  the  technique  used  in  the  processing  of  PT63  it 
f , would  appear  certain  that  phase  equilibrium  between  C32O- 

< CS3O  was  established.  This  surface  is  characterized  by  a 

maximum  at  650  m f*  and  a long  wavelength  limit  at  £00  - 
900  myui  The  fact  that  further  cesium  addition  to  this 
l surface  does  not  readily  alter  the  response  characteristics 

indicates  that  the- response  may  validly  be  considered  to  be 
characteristic  of  C33O.  In  addition  the  presence  of  large 
single  crystals  of  ^330  in  PT63  and  CS2O  in  PT5$  suggests 
that  digestion  of  the  surface  in  the  presence  of  excess 
cesium  may  contribute  to  the  formation  of  rather  large 
single  crystals.  Supporting  evidence  for  the  occurrence 
of  this  process  is  provided  by  the  observations  made  by 
Dr.  Khi-Ruey  Tsai  on  the  preparation  of  single  crystals  of 
C62O  and  0630. 

. It  was  pointed  out  in  Section  3.1  that  as  cesium  is 

added  continuously  to  a photocethode  the  thermionic  emission 
passes  through  a maximum  when  the  (Cs/O)  ratio  reaches  about 
1.7.  At  (Cs/O)  ratios  beyond  2 the  thermionic  emission 
becomes  very  small.  If,  however,  the  addition  of  cesium  is 
stopped  beyond  (Cs/0)s2  and  the  tube  is  baked  for  a suf- 
ficiently long  period  the  thermionic  emission  rises  and 
infrared  sensitivity  is  restored.  This  might  be  due  to  the 
. fact  that  cesium  is  removed  from  the  cathode  bv  reaction 

with  the  wall  on  baking  and  this  hypothesis  has  been  ac- 
cepted throughout  this  report.  It  is  also  po~sible,  however, 
that  CsoQ  might  be  an  infrared  emitter  which  reouired  pro- 
longed heating  for  activation.  The  results  on  PT63  con- 
clusively disprove  this  latter  hypothesis  since  the  tube  was 
i baked  for  considerable  periods  of  time  without  ever  de- 

. veloping  infrared  sensitivity.  At  the  sa^e  time,  the  x-ray 

I data  show  conclusively  that  the  cathode  contains  £330,  On 

l the  other  hand  PT56  is  a tube  to  which  excess  cesium  was 

added  and  which,  on  baking,  recovered  infrared  sensitivity 
; and  in  this  cathode  only  Cs20  could  be  conclusively  identi- 


fy 

i 


l 
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_ fl&d.  The  implication  therefore  becomes  strong  that 
cesium  was  distilled  away  from  the  cathode  on  baking 
PT58  jbut  not  on  baling  PT63  • We  attribute  this  to  the 
fact' that  ?t63  was"  rinsed  with  distilled  water  just 
before  sealing  to  the  vacuum  system.  The  tube  was  then 
7 out  gassed  at  i*.00°C,‘  in  the  usual  way,  and  fabrication 
of  the  photdcSthode  was  begun.  We  believe  -that  a thin 
layer  of  soluble  solid  was  removed  from  the  tube 
- envelope  during  -the  rinse  with  distilled  wvteri,  Tube 
FT 53  was  not  treated  in  this  way  and  hence  the  wall 
reaction  with  cesium- was  probably  extensive. 

,,  The  special  treatment  which  was  given  to  PT63 

came  about  in  an  effort  to  improve  uniformity  of  oxi- 
dation. It  was  observed  during  the  course  of  sealing 
in  the  lead  wires  which  support  the  cathode  and  provide 
electrical  contact  that  a thin  film  of  a white  solid 
collected  around  the  cool  portions  of  the  glass.  The 
solid  distills  out  of  the  tube  in  the  subsequent  out- 
gassing  at  UOO°C  and  it  was  thought  that  the  substance 
had  been  removed  from  the  tube.  It  wan  found,  however, 
that  oxidation  of  the  silver  sheet  cathode  was  quite 
non-uniform  and  several  oxidation-thermal  decomposition 
cycles  were  necessary  before  uniform  oxidation  could  be 
achieved.  This  was  in  contrast  to  the  tubes  described 
in  Section  3.1  for  which  the  cathode  usually  oxidized 
uniformly  on  the  first  trial.  It  was  finally  recognized, 
however,  that  in  the  tubes  of  Section  3.1  the  same  glass 
envelope,  caoillary,  and  cathode  were  used  over  and  over 
by  removing  the  oxides  from  the  previous  experiment,  by 
rinsing  with  dilute  nitric  acid  and  then  with  distilled 
water.  The  cathodes  of  the  present  section  could  not, 
however,  be  re-used.  It  was  found  bv  trial  that  the  white 
solid,  mentioned  above,  was  water  soluble  so  the  tube  was 
rinsed  with  distilled  water  just  before  mounting  on  the 
vacuum  system.  When  this  waa  done  it  was  found,  for 
several  aucceSsSive  tubes,  that,  the  oxidation  changed  marked- 
ly. Uniform  oxide  coats  were  obtained  on  the  first  trial. 
Re-examination  of  the  results  of  Section  3.1  also  showed 
that  difficulty  with  uniform  oxidation  was  also  occasionally 
encountered  the  first  time  that  a new  cathode  and  tube 
envelope  were  used  but  not  thereafter.  It  seems  likely  that 
it  is  important  to  rinse  the  tube  after  the  tube  elements 
have  been  sealed  in  and  the  glass  blowing,  except  for  the 
final  seal  "to  tfie  vacuum  system,  has  been  completed.  The 
whole  process  developed  in  an  effort  to  improve  uniformity 
of  oxidation.  It  was  found,  however,  that  tubes  treated  in 
this  way,  and  to  which  excess  cesium  had  been  added  no 
longer  recovered  infrared  sensitivity  on  moderate  baking. 

The  implication  is  Btrong  that  a solid  surface  layer,  which 
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could  react  with  cesium,  had  been  removal  * The  cathodes 
used  in  the  tracer  study  of  Section  k*4^were  not  treated 
in  this  way  and  hence  the  extent  of  reaction  of  cesium 
with  the  tube  wall  is  probably'  greater  than  for  PT63. 

It  must  be  mentioned  that  reaction  with  the  wall  probably 
still  occurs  in  a tube  prepared  in  the  manner  of  PT63. 

-The  reaction  is,  however,  slower.  It  was  observed  in  one 
case  that  Infrared  sensitivity  could  be  restored  by 
flaninp  the  tube  wall  with  a hard  torch. 

It  is  fortunate  that  a means  was  found  to  reduce 
the  extent  of  the  wall  reaction  since  the  data  on  PT63 
then  show  conclusively  . that  CB3O  is  not  a photoelectric  ; 
emitter  in  the  far  infrared  even  when  subjected  to  pro- 
longed heating  at  moderate  temperatures. 


A.  3 Chemical  Composition 
and  Spectral  Response 

It  seems  worthwhile  at  this  point  to  briefly 
summarize  the  types  of  spectral  responses  which  are  ob- 
tained when  photocathodes  are  prepared  under  various  con- 
ditions. In  most  cases  the  conditions  of  preparation 
have  been  related  to  the  chemical  composition  bv  methods 
described  in  previous  sections  of  the  report.  Attention 
is  restricted  to  massive  cathodes  since  it  i3  onxy  in 
this  case  that  the  effect  of  silver  base  is  reproducible 
enough  to  permit  the  effect  of  varying  (C3/0)  ratio  to 
clearly  manifest  itself  in  the  cathode  spectral  response. 
The  spectral  responses  listed  below  have  not  been  corrected 
for  dispersion  or  for  lamp  energy  distribution,  like  the 
--other'  spectral  responses  given  in  this  report  except  in 
Section  3.2  where  approximate  correction  for  these  factors 
has  been  made. 

In  order ~to  indicate  the  relation  between  chemical 
composition  and  spectral  response  it  is  convenient  first 
to  consider  the  response  for  a photocathode  prepared  at 
190°C  by  slowly  adding  cesium  to  maximum  thermionic  e- 
mission.  Next  we  consider  the  spectral  response  of  a 
cathode  to  which  excess  cesium  has  been  added  and  finally 
the  spectral  response  of  a cathode  which  has  been  over- 
baked  so  that  infrared  sensitivity  is  lost. 

At  190°C  the  maximum  thermionic  emission  "stable” 
photosurface  is  obtained  on  the  addition  of  cesium  to  a 
tube,  of  the  same  design  as  in  Section  3.1,  to  a gross 
cor.  position  of  1.5  < (Cs/0)<2.0.  On  cooling  the  cathode 
to  3m  temperature  there  is  a marked  increase  in  the  infra 
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red  sensitivity  forX>900  ny>,  The  soectral  response 
of  the "final,  surface  is  characterized  by  a lone  wave- 
length' 'limit.  of  greater  than  1350  mfa  a photoemission  

maximum  of  950  -—990  and  a wavelength  half  maximum 
photocurrent  of  greater  than  1050  nyu«  A typical 
response  curve  for  this  ohotosurface  is  shovm  by  the 
solid  curve  cf  Fig,  10&.  It  is  observed  experimental- 
ly that-  the  magnitude  of  the  photocurrent  at-' -the  750  nut. 
inflection  is  variable  relative  to  the  emission  at 
900  - 1000  myut  This  fact  suggests  that  the  surface 
contains  two  types  of  emitting  centers  contributing 
roughly  in  the  manner  shown  hv  the  two  dotted  curves  in 
Fig.  10&.  Spectral  response  IA  ha3  maximum  ohotoe- 
mission  at  950  - 990  ny*/ and  a long  wave  limit  of  greater 
than  1350  ny*- while  response  IB  has  a maximum  at  -750 
and  a long  wavelength  limit  of  approximately  1000  vum* 

These  resoonse  curves  IA  and  IB  correspond  respectively 
to  the  Class  I and  II  responses  of  Section  3.2  except 
that  IA  and  IB  have  not  been  corrected  for  dispersion 
or  lamp  energy  distribution. 

X-ray  diffraction  studies  of  photocat.hodes  prepared 
to  maximum  thermionic  emission  demonstrated  that  Cs20 
was  the  dominant  oxide  phase  present  (see  Section  A. 21), 
Considering  the  conditions  under  which  the  surface  was 
formed  it  is  reasonable  to  suppose  (l)  that  cesium  oxide 
Cs20  is  the  surface  phase  and  (2)  that  Cs20  contains 
little  if  any  excess  cesium. 

Since  excess  cesium  was  not  introduced  into  the  tube 
the  photosurface  must  contain  higher  oxide  phases  than 
Ca20,  This  is  indicated  not  only  by  the  (Cs/0)  ratio  in 
the  photocells  obtained  in  Section  3.1  but  also  by  the 
cathode  (Cs/0)  ratios  obtained  in  Section  A.l.  The  ob- 
served differences  in  behavior  during  the  fabrication  of 
tubes  at  190°C  and  150°C  and  the  tracer  composition  studies 
of  this  surface  suggest  that  no  appreciable  silver  oxide 
remains.  The  surface  most  probably  corresponds  to  phase 
equilibrium  between  Cs20  and  Cs20o.  At  a (Cs/o)  mole  ratio 
of  1.7  the  surface  would  consist  of  $ 9 $ Cs20  by  volume 
which  is  equivalent  to  90  mol  percent  Cs20.  Under  the 
conditions  of  fabrication  used  Cs20  would  be  present  as 
the  surface  layer  while  the  Cs20-j  would  be  an  interior 
layer. 


The  addition  at  room  temperature  of  very  small  amounts 
of  cesium  to  this  photosurface  readily  eliminates  the  IA 
response  (see  Section  3.A1).  On  baking  the  surface  at  130°C 
the  infrared  response  is  quickly  recovered.  This  rapid 
recovery  is  due  to  the  oresence  of  the  higher  oxides  in  the 
photosurface.  During  the  bake  the  excess  cesium  reacts 
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FIG.  108.  PHOTOSURFACE  I 
1-5<(Cb/0)pw 


with  the  to  fdrm  more  CE2O. 

The  excess  cesium  photosurfaces  II,  III, s and  IV,  are 
"characterised  by  the  following  response  characteristics: 


Surface 

Wavelength  at  Maximum 
Photoelectric  Emission 

"Long  Wavelength 
Limit 

II 

<940  mg 

<13  50  nxf** 

III 

750  mpt* - 

r* 1000  n if** 

IV 

650  m*g 

#00  nw 

V 

545  mr 

675  ra**. 

The  spectral  response  curve  for  photosurface  II  is  shown 
in  Fie.  109,  while  III  and  IV  photoresponses  are  shown  in 
Fig.  110. 

X-ray  diffraction  studies  of  tubes,  to  which  cesium 
was  adoed  until  (Cs/0)-2.8,  indicated  that  the  dominant 
phases  present  were  CsoO  and  CsoO  (see  Section  4.21), 

This  ohot.osurface  is  characterized  by  a spectral  response 
having  a maximum  at  65C  try and  a long  X limit  near  #00  ny*. 
Considering  the  process  of  forming  this  photosurface  at  ' 
150°C  it  is  reasonable  to  assume  that  the  0330  forms  a 
surface  layer.  Thus  photosurface  IV  can  be  considered  as 
typical  of  C83O. 

On  distillation  of  cesium  away  from  the  photosurface 
IV  the  response  corresponding  to  photosurface  III  is 
quickly  obtained.  Further* baking  with  the  removal  of  excess 
cesium  bv  distillation  into  a cold  trap  or  reaction  with  the 
tube  envelope  results  in  the  gradual  production  of  photo- 
surface II . A clue  to  the  chemical  change  occurring  in  the 
first  step  above  is  provided  by  some  work  of  Dr.  Khi-ftuey 
Tsai  on  the  preparation  of  Cs^O  by  heating  C83O.  It  was 
found  in  this  work  that  heating  C03O  in  vacuo  led  to  the 
formation  of  a solid  residue  whose  color  was  black.  X-ray 
diffraction  photographs  showed  that  the  residue  was  Cs?0 
and  the  black  color  was  presumably  due  to  a small  residue 
of  excess  cesium.  Long  continued  heating  in  vacuo  was 
necessary  in  order  to  remove  this  residue  of  excess  cesium 
and  produce  the  typical  pale  orange-yellow  crystals  of  Cs20. 
The  significant  fact  for  the  present  discussion  is  that  the 
last  trace  of  excess  cesium  is  difficult  to  remove.  Ex- 
tended heating  in  vacuo  is  required.  This  suggests  that 
nhotosurface  III  is  associated  with  the  formation  of  C32O 
containing  a slight  excess  of  cesium.  This  seems  to  accord 
with  +he  observed  fact  that  the  addition  of  a small  amount 
of  cesium  to  an  infrared-sensitive  cathode  at  room 
temperature  results  in  a photosurface  III  response.  To 
shift  the  response  to  IV  reouires  a considerably  larger 


319 


320 


-f «ftf 


excess  of  cesium. 

A.s  stated  above^  Dhotosurface  III  can  be  converted 
to  II  by  means  of  extended  baking,  at  130  - 150°C,  oro- 
vided  that  a cold  trap,  or  something  similar,  is  present 
to  adsorb  the  cesium  distilled  from  the  cathode.  To 
convert  this  nhotosurface  to  the  «ood  infrared  Surface  I 
it  is  necessary  to  have  a good  cesium  getter  in  the 
phototube.  In  the  case  of  tubes  which  did  not  contain 
appreciable  amounts  of  the  white  solid  formed  during 
tube  envelope  3eal  off  it  was  very  difficult  to  Proceed 
from  curve  II  to  I.  It  was,  however,  possible  to  re- 
cover the  infrared  response  I by  selectively  flaming  the 
tube  envelone  while  maintaining  the  cathode  at  aporoxi- 
nately  190°C.  This  Drocesa  nresumablv  resulted  in  the 
recovery  of  the  infrared  response  by  reacting  the  excess 
cesium  at  the  hot  tube  wall.  In  view  of  these  observations 
it  seems  likely  that  in  going  from  photosurface  III  to  II 
to  I only  a relatively  small  amount  of  cesium  need  be  re- 
moved. This  small  amount,  is,  however,  difficult  to  remove 
and  it  becomes  progressively  more  difficult  to  remove  it 
as  the  reaction  proceeds. 

In  the  case  of  the  cesium  deficient  150°C  tubes 
(Cs/0)<<wl. 5)  no  new  typeB  of  response  curves  are  observed. 
Frequently,  however,  it  is  observed  that  the  contribution 
of  the  IA  response  is  smaller  than  the  IB  thus  producing 
two  maxima  In  the  spectral  response  for  such  a tube. 

It  is  interesting  to  note  that  spectral  response  IB 
is  verv  similar  to  III.  The  above  observation  that  IB  is 
favored  over  IA  in  cesium  deficient  tubes  seems  at  first- 
sight  to  suggest  that  IB  and  III  arise  from  different 
emitting  centers  despite  the  apparent  similarity  in  shape. 
For  response  III  is  derinitely  associated  vrith  a small 
excess  of  cesium  in  CS2O  while  IB,  being  favored  in  cesium 
deficient  tubes,  is  apparently  associated  with  a deficiency 
of  cerium.  There  is,  however,  another  possibility.  That, 
is,  that  the  centers  giving  rise  to  response  IA  are  very 
sensitive  to  small  variations  in  eesium  content  either 
above  or  below  some  optimum  amount.  The  fact  t.hai-  response 
IA  is  sensitive  to  small  excesses  of  cesium  seems  es- 
tablished conclusively.  That  it  is  sensitive  to  cesium 
deficiency  is  less  well  established  but  is  compatible  with 
the  data*  This  has  already  been  indicated  bv  the  data  of 
Section  3.2  which  shows  that  the  contribution  of  the  IA 
response  is  reduced  relative  to  IB  on  extended  baking  (see 
e.g.  curves  6,  7,  £ of  Fie.  29).  _Howjtyjar.*  ven  more  ex- 
tensive baking  also  affects  the  contribution  of  the  IB 
response  (see  curves  9,  10,  11,  12  of  Fig,  29). 

The  idea  that  the  centers  of  type  IA  are  more  sensitive  to 
small  excesses  or  deficiencies  of  cesium  than  are  the 
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centers  of  tyo»  13  is  a very  attractive  one  which  would 
account  for  much  of  the  experimental  work  which  has  been 
done  cn  massive  cathodes.  It  is  not  difficult,  to  nrenare 
cathodes  with  responses  of  type  IB.  It  is  more  difficult 
to  prepare  cathodes  with  hirh  response  of  tvne  IA.  Much 
more  careful  control  is  reouired. 

On  extended  baking  the  spectral  sensiti vitv  of  a 
good  infrared  surface,  I or  II,  decreases  to  spectral 
response  V of  Fig.  ill.  Further  baking  of  this  surface 
finally  results  in  a complete  loss  of  the  visible  and 
infrared  response.  As  noted  in  Section  3.2  the  com- 
position of  this  -urface  is  unknown.  The  nature  of  the 
chemical  reactions  which  may  occur  at  the  surface  during 
extended  baking  has  not  been  invest igated . 

In  the  oreceeding  discussion  no  attention  has  been 
paid  to  the  role  of  silver  in  the  cathode  since  we  wish 
to  postpone  the  discussion  of  this  factor  until  the  next 
section.  It  is  to  be  understood,  however,  that  silver 
in  the  cathode  plays  an  important  role  and  it  may  well 
be  involved  in  all  of  the  responses  considered  in  the 
present  section. 

One  additional,  and  rather  special,  tvpe  of  photo- 
cathode is  occasionally  obtained  which  is  worth  noting, 
although  it  has  not  been  possible  to  reproducihly  prepare 
ouch  cathodes.  The  type  of  .spectral  response  involved  is 
indicated  by  the  results  obtained  for  PT18C. 

In  Fig.  112  the  spectral  response  of  FT18C  is  compared 
to  the  Class  I infrared  surface.  It  is  apparent  that  the 
surface  has  an  appreciably  higher  sensitivity  at  wavelengths 
greater  than  1200  ny*  than  the  photosur.face  I.  PT18C  was 
actually  prepared  under  rather  poorly  controlled  con- 
ditions while  mounted  on  the  vacuum  system.  The  Cs2Cr04-Si 
pellet  was  mounted  within  the  tube  envelope.  Afte^  firing 
the  pellet  the  tube  was  baked  at  180  - 190°C  until  the 
thermionic  emission  maximum  was  oassed.  After  tin  off  the 
sensitivity  was  low  but  a short  bake  at  130°C  resulted  in 
the  stable  infrared-sensitive  surface.  This  type  of  infra- 
red surface  was  also  formed  at  one  stage  in  the  preparation 
of  PT2AC . The  surface  is  characterized  bv  a verv  high  room 
temperature  dark  curr°nt  approximately  a hundred  fold 
greater  than  the  normal  cathode.  As  stated  earlier,  we  do 
not  know  how  to  reoroducibly  prepare  such  cathodes. 
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5.  CONCLUSION.  SUGGESTIONS 
FOR  FURTHER  WORK. 

The  results  of  the  experimental  work  performed  under 
the  present  contract  are  presented  in  full  detail  in  pre- 
oeeding  sections.  In  the  present  section  the  connection 
between  the  present  work  and  previous  work  is  pointed  blit 
where  the  connection  is  understood.  Some  brief  consnents 
on  the  present  status  of  the  theory  of  photoelectric  e- 
raission  are  also  made  and  a few  suggestions  for  future 
work  are  made.  No  complete  summary  of  work  under  the 
present  contract  is  attempted. 

The  chemical  constitution  of  photocathodes  is  now 
understood  much  better  a3  the  result  of  the  present  in- 
vestigation. Our  conclusion  that  CS2O  is  an  essential 
ingredient  of  an  infrared-sensitive  photocathode  agrees 
with  the  previous  conclusions  of  Campbell20,  Sayama21, 
and  Prescott  and  Kelly^-®.  The  conclusion  of  Campbell, 
and  Sayama,  that  maximum  thermionic  emission  is  obtained 
when  the  cathode  (Gs/O)  ratio  is  equa?.  to  2 is  not,  how- 
ever, confirmed  in  the  present  investigation.  Using 
three  different  photocell  designs  we  have  found  that 
maximum  thermionic  emission  is  obtained  at  three  differ- 
ent (Cs/O)  ratios  for  the  photocell,  i.e.  no.  of  atoms 
of  cesium  entering  the  cell  (but  not  necessarily  ending 
on  the  cathode)  to  no.  of  atoms  oxygen  on  cathode.  The 
differences  arc  xmdoubtedly  due  to  the  proportion  of 
cesium  on  the  tube  walls  relative  to  the  cathode.  When 
the  cesium  source  is  so  placed  that  cesium  atoms  strike 
the  cathode  first,  then  the  proportion  on  the  wall  is  no 
doubt  reduced  and  the  (Cs/O)  ratio  for  the  cell  is  more 
nearly  equal  to  that  for  the  cathode.  It  seems  doubtful, 
however,  that  cesium  can  be  entirely  kept  off  the  wall 
by  such  a procedure  despite  the  high  collision  efficiency 
and  hence  methods  which  depend  on  the  measurement  of  the 
amount  of  cesium  entering  a photocell  cannot  accurately 
provide  the  (Cs/O)  ratio  for  the  cathode.  The  cathode 
vCs/O)  ratio,  found  in  the  present  work  by  using  a radio- 
active cesium  tracer,  is  considerably  less  than  2 for 
tubes  prepared  to  maximum  thermionic  emission.  Because 
of  the  sensitivity  to  tube  geometry  it  seems  likely  that 
the  cathode  (Gs/Oj  ratio  at  maximum  thermionic  emission 
will  vary  from  one  experimental  arrangement  to  another. 

The  experimental  results  strongly  suggest  that  these 
cathodes  contain  more  than  one  oxide  of  cesium.  The  oxide 
C32O  has  been  conclusively  identified  by  x-ray  diffraction 
but  the  other  oxide  has  not  been  definitely  identified. 

It  Is  tentatively  suggested  that  C82O3  is  the  other  con- 
stituent in  cathodes  prepared  to  maximum  thermionic  e- 
raission. 
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Extensive  experiments  have  been  performed  to  study 
the  effect  on  infrared  sensitivity  of  variations  in 
(Cs/O)  ratio.  These  experiments  suggest  that  chemical 
equilibrium  is  established  in  cathodes  which  are  pre- 
pared by  the  slow  addition  of  cesium  to  oxidized  silver. 
During  the  addition  of  cesium  the  cathode  reactions  are 
alow  but  when  the  cesium  flow  is  stopped  the  cathode 
approaches  within  a fe\>  minutes  (at  190°C)  to  a steady- 
state  in  which  thermionic  emission  and  nhotocurrent 
become  constant.  This  is  interpreted  as  meaning  that 
equilibrium  is  established  in  the  cathode  between  CggO 
and  Ce203.  Cathodes  preoared  in  this  way  have  high 
integral^and  infrared  sensitivities  comparable  with  good 
commercially  available  cathodes.  If  small  amounts  of 
excess  cesium  are  added  to  such  cathodes  at  room  temper- 
ature, where  reaction  rate  is  negligibly  slow,  infrared 
sensitivity  is  greatly  reduced.  'I’his  is  no  doubt  due  to 
an  adsorbed  cesium  layer.  On  warming  the  tube  to  a low 
temperature  (130  to  150°C)  for  a few  minutes  infrared 
sensitivity  is  restored*  This  is  interpreted  as  due  to 
the  fact  that  Cu^Oy  reacts  with  the  adsorbed  cesium 
layer  thus  converting  it  to  CspO'.  It  appears  that  equi- 
librium is  re-established.  It  has  not  been  verified 
that  eauilibrium  approached  from  the  opposite  direction, 
by  first  adding  oxygen  to  the  cathode  and  then  heating, 
will  restore  infrared  sensitivity.  In  sneaking  of  a 
cathode  "equilibrium"  some  caution  must  be  exercised. 

Due  to  the  extreme  reactivity  of  cesium  a slow  reaction 
of  cesium  with  the  glass  envelope  of  a photocell  takes 
place  at  the  higher  temperatures.  Extended  batcing  at 
high  temperatures  may,  and  usually  'does,  cause  further 
changes  to  occur  in  cathode  sensitivity.  These  are  re- 
garded as  due  to  the  fact  that  cesium  content  of  the 
cathode  undergoes  further  changes  as  the  photocell  ap- 
proaches equilibrium  with  the  tube  envelope.  The  in- 
terpretation is  not  completely  clear-cut.  because  long 
baking  times  are  reouired  and  we  cannot  tell  what  might 
be  distilled  from  a tube  envelope  on  long  heating  even 
though  the  envelope  was  originally  outgassed  at  a much 
higher  temperature. 

The  above  discussion  indicates  that  high  infrared 
sensitivity  can  be  obtained  in  a cathode  which  might 
reasonably  be  expected  to  be  at  equilibrium.  High 
sensitivity  can  also  be  obtained,  however,  in  cathodes 
which  ar8  certainly  not  at  equilibrium.  A considerable 
number  of  cathodes  have  been  prepared  to  maximum  therm- 
ionic emission  under  conditions  in  which  cesium  is  rapid - 
il  added,  When  the  cesium  flow  is  halted  the  thermionic 
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emission  rapidly  rises  and  then  begins  to  decrease.  If 
the  tube  is  cooled  to  room  temperature  just  beyond  this 
second  maximum,  thus  stopping  further  cathode  reaction, 
then  the  cathodes  prove  to  be  infrared-sensitive.  If, 
however , these  tubes  are  baked  even  at  rather  low  temper- 
atures the  infrared  sensitivity  may  at  first  rise  some- 
what, due  to  further  reaction  which  adjusts  cesium  content 
to  its  optimum  value,  but  rather  soon  the  sensitivity 
begins  to  decrease  and  this  continues  until  infrared 
sensitivity  is  entirely  lost.  It  has  been  suggested  ^ 
that  these  cathodes  contain  unreduced  silver  oxide  and 
establishing  equilibrium  in  this  case  leads  to  a poor 
tube.  It  seems  probable  that  many  commercial  cathodes 
are  of  this  type.  Considerable  care  must  be  exercised  in 
baking  such  cathodes.  From  these  experiments  it  is  entire- 
ly clear  that  equilibrium  is  not  essential  to  high  infra- 
red sensitivity.  The  results  have  been  interpreted  as 
meaning  that  the  presence  of  Cs20  in  a cathode  is  not 
enough  to  insure  high  infrared  sensitivity.  A small 
quantity  of  cesium  is  also  important.  This  small  quantity 
must  be  adjusted  to  its  optimum  concentration.  It  must  be 
emphasized  that  it  is  not  known  whether  the  optimum  content 
of  cesium  in  CsnO  is  in  excess  of  the  stoichiometric  ratio 
of  two  cesium  atoms  to  one  oxygen.  The  optimum  might  be 
above,  equal  to,  or  below  the  stoichiometric  ratio.  It  is 
known,  however,  that  the  amount  of  cesium  involved  is  very 
small  comnared  to  the  total  cesium  in  chemical  combination 
in  the  cathode.  In  speaking,  therefore,  of  an  "optimum 
cesium  content"  it  must  be  recognized  that  the  question  of 
whether  Cs20  in  the  cathode  is  a stoichiometric  compound  is 
left  open.  Since  x-ray  diffraction  lines  from  the  sensitive 
layer  of  the  cathode  correspond  well  with  those  of  bulk 
samples  of  ^320  containing  less  than  0.1 % of  excess  cesium 
it  follows  that  the  (Cc/o)  ratio  must  ba  nearly  2.  Very 
small  departures  from  this  ratio  might,  however,  markedly 
affect  photoelectric  emission. 

It  was  shown  during  the  course  of  the  radioactive 
cesium  tracer  study  that  a volatile  oxide  of  cesium  is 
formed  when  the  cesium  to  oxygen  ratio  for  the  cathode  ex- 
ceeds 2.  This  may  be  important  in  cases  where  photocathodes 
are  prepared  by  first  adding  large  excesses  of  cesium  and 
then  distilling  the  excess  from  the  cathode.  In  such  a 
process  oxvpcen  as  well  as  cesium  is  transported  from  the 
cathode.  It  is  interesting  that  Campbell*0  came  to  the 
same  conclusion  during  an  early  stage  of  his  investigation 
but  later  changed  his  mind.  His  first  conclusion  was  the 
correct  one. 
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It  a -.nears  that,  t.he  simple  Idea  that  infrared  sensi- 
tivity is  associated  with  in  the -cathode  and  with  an 

"optimum  cesium  content*  is  sufficient,  when  account 
is  taken  of  reaction  vrith  the  tube  wall  and  slowness 
of  the  cathode  reactions,  to  correlate  the  various 
observations  which  have  been  made  on  massive  cathodes. 

The  chemical  behavior  of  such  cathodes  is  at  least 
qualitatively  clear.  When,  however,  alterations  are 
made  in  the  silver  base  on  which  cathodes  are  prepared 
a new  factor  makes  itself  felt.  Conclusive  evidence 
has  been  obtained  that  the  silver  base  markedly  affects 
the  final  cathode.  It  seems  nrobable  that  the  effect 
occurs  at  the  oxidation  step  but  the  precise  nature  of 
the  factor  involved  is  not  known.  From  the  discussion 
of  previous  work  given  in  Section  1 it  seems  definitely 
established  that  silver  has  a pronounced  effect  on  infra- 
red sensitivity.  The  silver  referred  to  is  apparently 
that  which  is  finely  dispersed • through  the  cathode, 
although  perhaps  not  an  atomic  dispersion  (i.e.  solid 
solution).  Such  finely  dispersed  silver  may  be  produced 
by  the  reaction  of  silver  oxide  vrith  cesium  or  by  evapo- 
ration onto  a cathode  followed  by  heating  as  in  the  case 
of  Asao's  work . It  is  known  that  the  silver  oxide  pro- 
duced during  the  glow  discharge  oxidation  of  silver  is 
not  purely  Ag£0.  Other,  more  highly  oxidized  oxides,  are 
. also  produced  "in  considerable  Proportions.  The  composition 
of  the  silver  oxides  produced  is  no  doubt  sensitive  to 
processing  conditions  including  the  condition  of  the  silver 
base.  The  proportion  of  "precipitated”  silver,  obtained 
by  reaction  of  silver  oxide  with  cesium,  which  appears  in 
the  final  cathode  is  ot  some  interest.  Extreme  limits  can 
be  set.  by  considering  two  alternative  cases.  In  t.he  ^irst 
case  we  assume  that  the  oxide  formed  is  AgpO.  Then  on 
omolete  reaction  with  cesium  to  produce  Ag  and  CspO  a 
ca'  hode  vrould  be  produced  containing  26#  by  volume  of  pre- 
cipitated silver  (ignoring  voids).  If,  on  the  other  hand, 
the  oxide  produced  is  Ag2®3  (the  most  highly  oxidized 
oxide  known)  then  after  cesium  addition  precipitated  silver 
would  constitute  10#  by  volume.  The  actual  volume  percent 
of  silver  in  the  final  cathode  probably  lies  somewhere 
between  these  extremes.  It  seems  quite  possible  that 
variation  between  these  limits  would  have  considerable 
effect  on  infrared  sensitivity.  In  order  to  fully  charac- 
terize the  cathode  it  would  be  necessary  to  measure  the 
amount  of  precipitated  silver  in  the  cathode  and  to  obtain 
some  estimate  of  particle  size.  We  have  not  been  able  thus 
far  to  devise  any  means  for  achieving  this  objective 
although  its  importance  is  obvious.  In  order  to  success- 
fully perform  such  measurements  it  would  apparently  be 
necessary  to  further  develop  the  chemistry  of  the  silver 
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oxygen  system.  This  would  require  a great  deal  of  pro- 
■;  liminary  chemical  investigation  not  related  to  cathode 

preparation.  The  problems  involved  are  undoubtedly  ex- 
tremely difficult  and  tedious,  W®  have  not  attempted 
to  fully  explore  this  area  .since  the  time  involved 
would  be  excessive.  In  view,  however,  of  t.he  results 
which  have  been  obtained  we  must  accept  the  ^iew  that 
the  presence  of  Cs20  with  optimum  cesium  content  is  not  *• 
in  itself  enough  to  insure  high  infrared  sensitivity. 

From  the  work  reviewed  in  Section  1 it  apnears  that 
finely  disoe-paad— silver  in  proper  proportion  is  also 
essential  and  other,  as  yet  unrecognised  factors,  may 
also  be  involved. 

The  preceedlng  discussion  has,  to  some  extent,  re- 
lated the  composition  study  of  the  present  report  to 
the  researches  of  previous  workers.  There  remains  some 
comment  concerning  the  comparison  of  the  spectral 
responses  obtained  here  with  those  of  previous  workers. 

We  have  previously  pointed  out  on  several  occasions 
that  the  spectral  responses  obtained  in  our  work  seem, 
for  highly  infrared-sensitive  cathodes,  to  be  represent- 
able as  the  superposition  of  two  spectral  response 
curves  and  thus  two  different  types  of  emitting  centers 
are  suggested.  One  of  these  has  a maximum  at  about 
750  mfJ»  and  the  other  at  about  950  n the  latter  being 
I sensitive  to  small  variations  in  cesium  content.  When 

the  spectral  response  curves  are  roughly  corrected  for 
dispersion  and  lamp  energy  distribution,  as  in  Section 
3.2,  the  shape  of  the  response  with  its  maximum  at  750  try*- 
becomes  closely  similar  to  several  of  the  response 
curves  obtained  by  the  investigators  listed  in  Table  IV 
of  Section  1.9.  The  correction  for  dispersion  and  lamp 
energy  distribution  is  rough  but  it  seems  adequate  to 
justify  at  least  the  tentative  proposal  that  the 
spectral  response  is  equivalent  to  those  obtained  by 
several  investigators  listed  in  Table  IV.  The  (uncor- 
rected) response  referred  to  is  curve  IB  of  Fig.  10B. 

There  is  some  reason  to  think  that  this  identification 
, may  be  correct.  Prescott  and  Kelly^^,  for  example,  re- 
ported that  their  cathodes  contained  excess  cesium.  We 
would  expect,  if  the  excess  is  not  too  large,  that  a 
response  curve  of  type  IB  would  result.  Asao2^  also  re- 
j - ported  a considerable  excess  of  cesium.  Under  these 

conditions  a response  of  type  IB,  or  even  IV  (Fig.  110} 

\ if  the  excess  is  high  enough,  might  be  expected.  In 

i other  cases  the  composition  is  not  reported.  These 

1 considerations  suggest  that  the  investigators  of  Table 

> IV  are  studying  the  behavior  of  only  one  of  the  two 
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types  of  emitting  centers  which  are  involved  in  infra- 
red-sensitive cathodes.  Investigation  of  optical 
Dronerties  of  cathodes,  reported  in  Section  1,  always 
involve  the  preparation  of  specular  reflecting  cathodes 
and  under  these  conditions  centers  of  type  IB  seem  to 
result,  at  least  in  the  work  listed  in  Table  IV.  It 
would  appear,  therefore,  that  most  of  the  investigations 
discussed  in  Section  1 are  concerned  v?ith  emitting 
centers  of  type  IB.  Thus  centers  of  type  IB  give  rise 
to  a volume  photoelectric  effect  rather  than  a surface 
photoelectric  effect  etc.  as  described  in  Section  1. 

W®  might  well  ask,  therefore,  whether  centers  of  type 
IA  (Fig.  10B)  also  give  rise  to  a volume  photoelectric 
effect.  The  answer  here  is  not  definitely  known.  The 
difficulty  involved  in  the  study  of  centers  of  type  IA 
are  very  clearly  illustrated  by  the  work  of  Kluge^o. 

He  showed  that  much  more  highly  infrared-sensitive 
cathodes  could  be  obtained  on  rough  silver  bases  than 
on  specular  reflecting  silver  bases.  These  highly 
infrared-sensitive  cathodes  are  not,  however,  soecular 
reflectors  and  hence  the  techniques  of  Section  1.6 
cannot  be  applied  in  a test  of  volume  vs.  surface  photo- 
electric effect.  This  greatly  complicates  matters  so 
that  a definite  statement,  is  not  possible  at  this  time. 

It  has  been  demonstrated  that  photoelectric  emission  by 
centers  of  type  IA  Is  suppressed  almost  completely  by 
the  addition  of  very  small  quantities  of  cesium  at  room 
temperature  (see  Section  3.41).  This  suggests  at  least 
a surface  sensitive  component.  However,  it  has  also 
been  shown  that  reducing  the  extent  of  oxidation  (and 
hence  forming  a thinner  cathode)  reduces  the  contribution 
of  centers  of  both  types  IA  and  IB.  Thus  the  volume  of 
sensitive  material  is  important.  This  does  not  conclusive- 
ly show  that  a volume  photoelectric  effect  is  involved. 

For  two  cathodes  of  different  thickness  do  not  necessari- 
ly contain  particles  of  the  same  si so.  On  the  other  hand, 
this  observation  certainly  must  be  accounted  for  before 
any  proposal  can  be  accepted  which  regards  centers  of 
type  IA  as  leading  to  a surface  photoelectric  effect.  In 
fact,  we  doubt  that  a surface  photoelectric  effect  is  in- 
volved, although  a definitive  proof  is  lacking.  The 
effect;  of  small  amounts  of  excess  cesium  may  be  due  large- 
ly to  alteration  in  work  function  although  again,  this  is 
not,  proven.  Due  to  the  extreme  sensitivity  of  centers  of 
type  IA  it  is  difficult  to  perform  definitive  experiments. 
It-  must  finally  be  stated  that,  despite  Klure*s  work,  it  is 
not  established  that  cathodes  containing  centers  of  type 
IA  are  necessarily  non-specular  reflectors.  One  of  the 
most  sensitive  commercial  cathodes  which  we  have  ever 
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tested,  a "lighthouse*  tube  of  British  manufacture, 
was  semitransparent -and  seemed  on  superficial 
examination  to  be  specula* • 

It  seems  worthwhile  at  this  point  to  -comment  -- 
briefly  on  the  effect  on  photoeathodos  produced  by  ^ 
impurities  introduced  through  the  vacuum  system.  -“’1 
A vacuum  system  has  been  used  'in  cathode  preparation 
in  which  a mercury  diffusion  pump  and  an  efficient 
cold  trap  was  employed  (trader  experiments).  Another  ~~ 
vacuum  system  has  also  been  used  in  which  an  efficient 
(three  stage)  oil  diffusion  pump  was  employed  without 
a cold  trap.  Cathodes  propared  under  comparable  con- 
ditions in  these  two  systems  had  comparable  infrared 
sensitivity.  All  kinds  of  difficulties  have  been 
encountered  in  the  preparation  of  phot.ocathode3  but 
none  of  these  could  even  be  traced  to  the  effect  of 
impurities  from  the  vacuum  pumps.  Slight  amounts  of 
such  impurities  must,  however,  have  been  present.  It 
is  beMeved  that  the  cathodes  were  not  sensitive  to 
such  dfinpurities  for  the  following  reason.  The  photo- 
cathodes  studied  here  contain  considerable  quantities 
of  sensitive  material.  Moreover,  a volume  photoelectric 
effect  is  involved  certainly  with  one  type  of  emitting 
center  and  perhaps  with  the  other.  Impurities  from 
vacuum  pumps  are  serious  in  the  study  of  phenomena  which 
are  affected  by  amounts  of  impurity  of  the  order  of  a 
monolayer  or  a fraction  of  a monolayer.  The  present 
cathodes  are  no  doubt  sensitive  to  amounts  of  impurity 
of  the  order  of  a monolayer  at  room  temperature  where 
chemical  reaction  takes  place  at  a negligible  rate . 

When  heated,  however,  to  moderate  temperatures  (130  to 
190°C)  the  reaction  rates  become  faster.  Thus  the 
effect  of  a small  amount  of  surface  impurity  is  over- 
come by  the  shift  in  equilibrium  which  occurs  at  the 
higher  temperatures.  The  surface  is  thus  restored  by 
chemical  reaction  to  its.  original  condition  (or  nearly 
so)  at  least  insofar  as  factors  governing  infrared 
sensitivity  are  concerned.  This  applies,  of  course, 
only  to  equilibrium  cathodes  originally  prepared  by  slow 
addition  of  cesium.  It  may  also  apply  to  other  cathodes, 
however,  if  the  baking  temperature  is  not  too  high.  It 
must  be  emphasized  that  l 3loppy  vacuum  technique  cannot 
be  tolerated  and  was  certainly  not  used  in  our  work. 
Excessive  precautions  beyond  those  discussed  in  Section 
2 are,  however,  apparently  unnecessary  in  this  work  ex- 
cept, perhapa,  under  unusual,  conditions  in  which  the 
cold  photocell  remains  attached  to  the  vacuum  line.  In 
conclusion  it  must,  be  stated  that  Qctoil-S  was  used  in 
the  oil  diffusion  pump.  The  situation  outlined  above 
might  not  prevail  if  a silicone  oil  were  used. 
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We  must  now  consider  briefly  the  status  of  theories 
of  the  photoelectric  effect  in’  silver-oxygen -cesium 
photocathodes.  The  original  theory  of  de  Boer  is  still 
accepted  bv  many  investigators^,  although  evidence  has. 
acciimulated  which  casts  doubt  on  its  general  applicabili- 
ty. According  to  de  Boer' s' theory  (see  Section  1.1 ) the, 
source  of  photoelectrons  is  an  adsorbed  layer  'of  Vosiu^kf*' 
atoms  on  Cs20.  The  cesium  atoms  which  are  most  strongly 

bound  (at  "active  spots"  or.  the  surface)  contribute  to 

photosensitivity  furthest  in  the  infrared.  If  too  large 
an  amount,  of  excess  cesium  is  added,  so  that  multi-lavers 
of  cesium  collect  or.  the  surface,  then  infrared  sensitivi- 
ty declines  because  the  photoelectrons  then  originate  in 
essentially  metallic  cesium  which  is  known  to  have  low 
sensitivity  in  the  far  infrared.  According  to  de  Boer 
silver,  or  some  other  metal,  must  be  nixed  with  a thick 
"intermediate  layer”  (Cs20)  in  order  to  provide  electrical 
conductivity  so  that  external  photoelectrons  can  be  re- 
placed from  the  base  metal.  On  the  basis  of  this  theory 
Cs2°  containing  finely  dispersed  silver  and  a small 
optimum  amount  of  excess  cesium  are  required  for  high 
sensitivity.  At  first  sight  this  seems  to  a^ree  very 
well  indeed  with  the  conditions  which  we  outlined  above. 
However,  this  theory  seems  to  require  a surface  photo- 
electric effect  and  this  does  not  agree  with  an  accumu- 
lation of  data  which  indicate  a volume  photoelectric 
effect.  Thus  the  relative  importance  of  the  mechanism 
proposed  by  de  Boer  is  open  to  question.  The  proposal  is 
a plausible  one  on  theoretical  grounds  and  seems,  to  ac- 
count for  a low  work  function.  It  seems  quite  likely 
that  some  contribution  to  the  photocurrent  must  be  made 
through  de  Boer's  mechanism.  There  is  considerable  doubt, 
however,  that  this  contribution  is  the  major  one.  In 
S&yama's  theory  of  the  photoelectric  effect^!  the  source 
of  photoelectrons  is  assumed  to  be  the  finely  dispersed 
silver  in  the  cathode.  Sayama's  argument  is  quite  rough 
at  best  and  seems  to  be  weakened  by  the  work  of  Borzlak1 
who  determined  the  optical  constants  for  the  cathode. 

The  situation  is,  therefore,  in  confusion.  A major 
objection  to  de  Boer's  theory  would  be  removed  if  some 
modification  could  be  found  which  provided  for  a volume 
photoelectric  effect.  This  would  not,  however,  comoletely 
remedy  the  situtation  as  long  as  photoslectrons  originate 
from  cesium  atoms  distributed  through  CS2O  since  we  would 
be  hard  pressed  to  account  for  the  fact  that  CS2O  (without 
silver)  is  not  sensitive  in  the  far  infrared^  :Photosensltivi 
tv  at  shorter  wavelengths  might  be  accounted  for  in  this 
way  but  not  at  longer  wavelengths.  We  find  it  hard  to 
believe  that  poor  electrical  conductivity  could  completely 
account  for  the  difference.  Some  further  modification 
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which  directly  involves  silver  in  photoelectron  production  

would  be  an  improvement  since,  thereby,  many  of  the 
desirable  features  of  Sayama’s  theory  could  be  rescued. 

During  the  course  of  preparing  this  retort  such  a modifi-  - 
cation  of  de  Boer’s  theory  has  suggested  itself.  The  * 

conception  came  too  late  to  permit  a quantitative  i 

development  of. its  consequences  so  it  can  only  be  briefly  ..  I 

outlined  as  a highly  tentative  proposal  which  seems  afc&.  % 

least  to  justify  further  and  more  quantitative  theoretical 
consideration.  st 

This  proposal  is  based  on  de  Boer’s  observation  that 
a dielectric  layer  tends  to  take  up  alkali  metal  (including 
cesium) , on  heating  in  the  vapor,  much  more  easily  when  , 

foreign  metal  atoms  are  already  present  in  the  dielectric 
IiT^fTR^n~72~5732?n  TH7  is  attributed  by  de  Boer  to 
the  fact  that  the  presence  of  finely  dispersed  metal  in 
the  intermediate  layer  (C32O)  results  in  disruption  of 
the  structure  so  that  internal  cracks  etc.  are  available 
at  which  cesium  atoms  may  be  internally  adsorbed.  This 
mey,  however,  be  accounted  for  in  another  quite  different 
way.  In  order  to  see  how  this  comes  about  let  us  consider 
the  various  steps  which  might  reasonably  occur  on  adding 
cesium  to  Ca?0  containing  finely  dispersed  silver.  The 
work  function  for  silver  is  greater  than  the  ionization 
potential  for  cesium.  Hence  it  seem3  reasonable  that 
electrons  will  tend  to  be  transferred  from  cesium  to  silver. 

This  leaves  an  adsorbed  layer  of  cesium  ions  on  the  surface 
and  charged  silver  particles  on  the  interior.  Since 
electron  mobilities  are  high  this  charge  transfer  must  be 
fast.  An  electric  field  is  thus  established  which  favors 
the  forced  diffusion  of  ions  in  the  lattice  of  C52O  so 
that  oxide  ions  tend  to  diffuse  to  the  surface  or  'cesium 
ions  move  to  the  interior,  or  both.  This  diffusion  is 
favored  by  high  temperatures,  of  course*  When  equilibrium 
is  re-established  the  surface  charge  will  have  been  at 
least  partially  neutralized  the  overall  effect  being  that 
cesium  ions  have  moved  into  the  interior  of  the  CS2O 
crystal.  There  is  now  an  excess  of  cesium  ions  on  the 
interior  of  the  crystal  and  these  ions  must  either  occupy 
sites  of  the  lattice  at  which  there  are  ion  deficiencies 
or  they  must  occupy  interstitial  positions.  The  degree  to 
which  cesium  ions  penetrate  the  lattice  will  depend  on  the 
availability  of  positions  which  they  can  occupy  without 
excessive  distortion  of  the  lattice.  The  lattice  of  CS2O 
is,  however,  well  supplied  with  interstitial  positions 
which  lend  themselves  to  such  occupancy.  Crystalline  CS2O 
has  a layer  type  lattice  (see  Part  III  of  this  Final  Report 
Series).  Sach  layer  can  be  regarded  as  a sort  of  sandwich 
in  which  a sheet  of  oxide  ions  is  included  between  two 
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sheets  of  cesium  ions.  Each  layer  is  ideally  electrical- 
ly neutral.  These  layers  are  stacked  together  to  fora  the  '*■ 
crystal.  Adhesion  between  layers  is  not  high  as  indicated 
by  the  shearing  disorder  observed  in  the  x-ray  investi- 
gation of  Cs20  (see  Part  III).  This  has  been  further 
verified  hy  calculating  the  Coulomb  interaction  between 
layers.  Moreover,  the  minimum  distance  between  two  cesium 
ions  id  adjacent  layers  is  substantially  greater  than 
twice  the  ionic  r^9ius  of  cesium.  Thus  the  layers  are  not 
very  dlosely_  packed*  The  interstices  between  layers  could 
be  occupied  by  cesium, Ions  without  major  lattice  distortion. 
Hence  it  seems  very  likely  that  diffusion  of  cesium  ions 
into  the  interior  of  Cs?0  can  take  place  to  a considerable 
extent.  Thus  at  Equilibrium  we  visualize  the  cathode 
interior  as  containing  charged  colloidal  silver  particles 
and  extra  cesium  ions  distributed  through  the  lattice  in 
sufficient  numbers  to  make  the  whole  system  electrically 
neutral*  The  situation  is  somewhat,  similar  to  that  which 
prevails  in  a colloidal  dispersion  in  an  aqueous  electro- 
lytic solution.  This  picture  would  account  in  a very 
satisfactory  way  for  de  Boer's  observation  that  inter- 
mediate layers  containing  dispersed  metal  take  up  cesium 
more  easily  than  those  without  dispersed  metal.  Now,  how- 
ever, the  electrons  are  attached  to  silver  and  the 
mechanism  for  photoelectric  emission  involves  the  ejection 
of  electrons  from  charged  silver  particles.  Considered  in 
a purely  qualitative  light  this  view  has  much  to  recommend 
it.  In  the  firrt  place  it  probably  describes  the  internal 
situation  in  a cathode  more  accurately  than  does  de  Boer's 
model.  In  the  second  place  it  involves  silver  explicitly 
in  the  mechanism  of  photoelectron  production.  In  the 
third  place  it  accounts  for  the  fact  that  excess  cesium  is 
taken  up  largely  because  silver  is  present.  It  is  hard  to 
account  for  excess  cesium  in  the  cathode  under  the  conditions 
of  preparation  if  we  assume  that  only  pure  CsjO  is  involved. 
For  experiments  on  bulk  CsgO  (without  silver)  have  shown 
that  it  retains  only  very  slight  excesses  of  cesium  when  pre- 
pared under  conditions  approximating  cathode  preparation. 

With  finely  dispersed  silver  present,  however,  it  no  doubt 
retains  more  than  in  the  absence  of  silver.  In  the  fourth 
place  a volume  photoelectric  effect  is  accounted  for.  Or 
at  least  a volume  photoelectric  effect  is  simulated  since 
the  charged  silver  particles  are  distributed  throughout  the 
cathode.  Actually  the  ejection  of  electrons  from  a particu- 
lar silver  particle  involves  a surface  photos lectrlc  effect 
but  the  "surface"  involved  is  the  silver-CsoO  interface  and 
not  the  geometrical  area  of  the  cathode.  Finally,  this 
theory  must,  in  order  to  be  successful,  provide  for  a low 
work  function,  i.e.  the  minimum  change  in  energy  accompanying 
the  ejection  of  an  electron  without  residual  kinetic  energy. 


That,  such  caip  be  the  case  is  best  illustrated  by  a 
thermodynamic  argument.  In  da  Boer's  theory  photo- 
electrons  ar$_  ejected  from  strongly  adsorbed  surface 
cesium  atoms’.  Let  us  suppose  that  besium  is  added  to 
a cathode  until  the  interior  becomes  saturated  so  that 
the^  addition  of  further  cesium  results  in  adsorbed  cesium 
atomS'x^Tcl:P3o‘'riOt  lose  their  electrons  to  the  interior. 

"e  then  hive  equilibrium  established,  i.e.- further  trans- 
fer of  electrons  increases  the  free  energy.  Hence  the 
free  energies,  or  more  accurately  the  chemical  potentials, 
of  the:  electrons  in  metallic  silver  (charged)  and  ad- 
sorbed cesium  atoms  must  be  equal  since  otherwise 
'"equilibrium  could  established.  The  free  energies 

for  electrons  differ  from  the  energies  by  an  amount 
equal  to  the  absolute  temnerature  times  the  entropy.  But 
the  entropy  of  electrons  in  a metal  at  room  temnerature 
is  very  nearly  zero.  Hence  the  electron  energies,  as 
well  as  free  energies,  for  adsorbed  cesium  atoms  and 
charged  silver  particles  are  very  nearly  equal.  Unce  this 
condition  has  been  achieved  the  energy  change  accompanying 
the  removal  of  electrons  from  adsorbed  cesium  atoms  must 
be  nearly  equal  to  the  energy  change  accompanying  the,  re- 
moval of  electrons  from  the  charged  silver  particles.  If, 
therefore,  de  Boer's  theory  predicts  a low  work  function 
for  the  ejection  of  olectrons  from  adsorbed  cesium  atoms, 
which  it  does  in  a clear  and  convincing  manner,  then  the 
work  function  for  the  ejection  of  electrons  from  the 
charged  silver  particles  in  equilibrium  with  adsorbed 
cesium  atoms  must  be  equally  low.  By  means  of  this  simple 
argument  it  becomes  clear  that  the  chief  virtue  of  de 
Boar's  theory  (low  work  function)  is  retained  while  at  the 
same  time  a volume  photoelectric  effect  is  accounted  for. 
Moreover,  since  the  electron  ejection  now  comes  from 
charged  silver  particles  the  attractive  features  of 
Sayama's  theory  are  also  retained.  In  order  to  correct 
Sayama's  theory  it  is  only  necessary  to  alter  the  optical 
constants  to  those  which  have  been  observed  in  treating 
the  interference  of  light,  within  the  cathode  and  to  recog- 
nize that  the  rate  of  photoelectron  production  depends, 
not  upon  the  rate  of  absorption  of  photons  in  the  cathode, 
but  only  upon  the  rate  of  absorption  in  the  charged  silver 
narticles.  Since  the  evidence  is  already  strong  that  light 
interference  alone  cannot  account  for  the  selective 
maximum  in  photoelectric  yield  the  replacement  of  Sayama’s 
optical  constants  by  the  actual  ones  will  probablv  not 
change  the  fact  that  the  selective  maximum  in  photoelectric 
yield  arises  from  light  absorption  in  silver.  The 
qualitative  arguments  given  above  are  not  by  any  means 
sufficient  to  establish  the  validity  of  the  proposed  model. 
They  do  seem  sufficient,  however,  to  indicate  that,  the 
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proposal  deserves  further  study.  Possible  extensions  of 
this  proposal  are  numerous.  Electrons  might  be  trapped 
at  silver  atoms  interstially  dispersed  through  the 
cathode.  We  ragard  this  as  A limiting  case  of.  the fine 
dispersion"  referred  to  above.  Other  foreign  atoms  also 
deserve  consideration.  Since  nothing  definite  can  be 
done  about  these  possibilities  at  present  we  shall  leave 
the  matter  nt  this  point. 

• -S'". 

Several  facts  concerning  cathode  behavior  are  not 
accounted  for.  In  the  first  Place  no  clear-cut  proposal 
can  be  made  as  to  the  difference "between  the  two  tvoes 
Of  emitting  centers.  Moreover,  the  photoelectric  yield 
is  temperature  dependent.  This  might  be  due  to  temperature 
dependence  of  electronic  mean  free  path  since  a volume 
photoelectric  efdect  is  involved.  This  involves  the 
assumption  that  it  is  the  probability  of  escape  of  an 
internal  phot.oelectron  which  is  temperature  dependent. 

This  is  invoked  to  account,  for  the  fact  that  Photoelectric 
yield  increases  as  the  temperature  goes  down.  Other 
explanations  might  also  be  concocted  but  none  can  be  proven. 
Further  discussion  does  not  seem  profitable. 

There  remains  the  .final  matter  of  appraising  the 
status  of  the  problem  and  pointing  out  the  areas  where 
further  work  seems  desirable.  We  believe  that  by  far  the 
most  important  factor  to  be  studied  is  the  effect  of  silver 
base  on  cathode  properties.  The  most  valuable  type  of 
study  would  be  one  in  which  some  variable  direct.lv  re- 
lated to  the  presence  of  precipitated  silver  in  the  cathode 
could  be  continuously  followed  as  a cathode  is  prepared. 

This  will  not  be  easy  to  do  and  we  have  no  explicit 
proposal  to  make  at  this  time.  The  quantitative  determi- 
nation of  the  amount  of  precipitated  silver  in  the  cathode 
is  also  of  interest..  This  could  be  done  if  some  means 
could  be  found  for  determining  the  amount  of  silver  w’-'ich 
reacts  on  oxidation.  This  could  be  done  if  quantitative 
means  were  developed  by  which  the  oxide  formed  could  be  re- 
moved and  the  amount  of  silver  determined  by  analysis. 

This  would  involve,  however,  the  destruction  of  the  cathode 
and,  moreover,  the  analytical  method  would  require 
considerable  investigation.  The  analysis  could,  however, 
unquestionably  be  achieved  although  considerable  develop- 
ment would  be  required.  If  the  chemical  properties  of  the 
oxidation  products  and  their  chemical  composition  were 
better  known  then  x-ray  methods  could  be  applied  in 
continuously  following  the  cathode  silver  oxide  content, 
although  the  technique  ’.vculd  not  be  easy  to  develop  and  a 
great  cieal  of  purely  chemical  preliminary  work  would  be 
required.  We  do  no^  know  how  to  stud'"-  the  influence  of 
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silver  base,  in  a straight .forward  manner.  As  the  matter 

now  stands  the  effect  * verv 

portar.ee.  but  the  investigation  of  _this  effect  is  a very 

difficult  problem# 
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